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Abstract  

In light of the growing EE/DSM program offerings for VFD measures, it is worth reviewing the 

savings estimation methodologies currently being used to determine their reliability and investigate 

whether changes or updates are warranted. Although there is similarity among program offerings, the 

savings estimation methodologies used for VFD measures often vary significantly by VFD measure type, 

from state-to-state, and program-to-program. This offers opportunity for investigation to determine 

which methodology is the most reliable for program implementation, or if a new method is needed. This 

paper compares the reliability of 13 different existing protocols for estimating savings for VFD 

installations on HVAC fans. Each protocol was used to estimate savings for seven case studies and the 

results compared to the verified savings that had previously been determined. This showed that most of 

the TRM protocols were not reliable. The results were also compared to savings estimates derived using 

U.S. DOE EnergyPlus commercial building prototype models. Finally a new simple protocol was 

developed and validated as a more reliable alternative to existing protocols for estimating savings for 

VFD installations on HVAC fan motors. As such the protocol developed in this paper is recommended for 

adoption in TRMs across the country for use in energy efficiency program implementation to estimate 

savings for installations of VFDs on HVAC fan motors as a preferred alternative to most existing 

protocols. 
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Chapter  1 

1.1 Introduction  

In 2010, the U.S. consumed 97.8 quads of energy (U.S. Department of Energy, 2011). This accounted 

for roughly 19% of global consumption, second only to China. Of this total U.S. energy consumption, 

buildings accounted for 41% of the primary energy, transportation was 29%, and industry accounted for 

the remaining 30%. Within the building sector itself, commercial buildings consumed 19% of the total 

U.S. energy consumption. See Figure 1 below. 

 

 

Figure 1. World Energy Consumption. (U.S. Department of Energy, 2011) 

Breaking this down further shows that 42.1% of the energy used by the commercial building sector 

goes towards space conditioning, including space cooling (10.1%), space heating (26.6%), and ventilation 

(6.1%). This is by far the greatest end-use of energy in commercial buildings with the next largest end-

use being lighting at only 13.6%. 

It is widely recognized today that energy efficiency is one of the most cost effective means to reduce 

ƻǳǊ ƴŀǘƛƻƴΩǎ ƻǾŜǊŀƭƭ ŜƴŜǊƎȅ demand. The effects of this recognition can be seen in the number of states 

that have adopted energy efficiency resource standards or goals as shown in Figure 2. As seen in the 

figure, twenty states have already adopted some sort of standard or goal, and more are in the process. 
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Energy Efficiency Resource Standards .
www.dsireusa.org / February 2013

20 states have 

Energy Efficiency 
Resource Standards . 
(7 states have goals) .

Note: See following slide for a brief summary of policy details. For more details on EERS policies, see www.dsireusa.org and www.aceee.org/topics/eers.

 

Figure 2. Map of States with Energy Efficiency Resource Standards and Goals. (DSIRE USA, 2012) 

But in the commercial building sector, where is the energy savings through energy efficiency going 

to come from? Although it only accounts for 13.6% of building consumption vs 42.1% for space 

conditioning, lighting retrofits currently account for a vast majority of the commercial building stock 

energy savings through efficiency improvements. This is because they are the lowest hanging fruit in 

terms of upfront cost, ease of installation and relatively short payback period. Although lighting retrofits 

will still dominate energy efficiency program savings in the near future, code and standard changes 

requiring more efficient lighting than in the past are having a significant impact. Utilities will eventually 

need to look to other technologies to get their required savings towards their energy efficiency resource 

standard goals. 

One of today's largest areas for potential energy savings after lighting retrofits in existing 

commercial and industrial buildings is motor measures. For example, in Pennsylvania, an energy 

efficiency potential study(GDS Associates, Inc and Nexant, 2012) showed that while lighting still 

accounts for 40.3% of achievable program potential savings by 2018, motor measures was a strong 

second showing a potential of 23.6% of achievable program savings. This includes replacement of low 

efficiency motors with premium efficiency motors, and also includes installation of adjustable speed 

drives (ASD) for motor applications. Many energy efficiency and demand side management (EE/DSM) 
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programs across the country include incentives for installation of ASD measures in their program 

offerings. Although current participation in ASD measures is relatively small compared to lighting 

retrofits, participation is growing and is expected to grow even more in the future as lighting savings and 

incentives are reduced due to the code and standard changes. 

For EE/DSM programs, as measures grow in their overall impacts, it is important to have reliable 

savings estimates to ensure ratepayer money is being spent wisely and to verify whether programs are 

meeting their compliance goals with real energy savings. In light of the growing EE/DSM program 

offerings for ASD measures, it is worth reviewing the savings estimation methodologies currently being 

used across the country to determine their reliability and investigate whether changes or updates are 

warranted. Although there is similarity among the program offerings, the savings estimation 

methodologies used for ASD measures often vary significantly by ASD measure type, and from state-to-

state, and program-to-program.  

For ASD installations on industrial process motors almost all programs require custom calculations 

for each measure due to the high uncertainty and variability between projects. This generally leads to 

fairly reliable savings estimates.  

For ASD installations on HVAC fan and pump motors many EE/DSM programs use a simplified 

savings estimation method which is applied to all projects within certain parameters. Some jurisdictions 

use a very simplified approach using a single deemed savings estimate (kWh per horsepower), a few 

jurisdictions require use of hourly energy simulation models for every building application, but most 

programs use methods that fall somewhere in between these two extremes, using a partially deemed 

algorithm with default hours of use by building type and ASD application type, and a deemed savings 

factor for each application type. Each method has their advantages and disadvantages, with custom 

simulations for each project being the most reliable, but most costly to implement. The single deemed 

savings estimate using kWh per horsepower is the least costly to implement, but is also the least 

reliable. The methods in between these two try to strike a balance between reliability and cost.  

Many states continue to grapple with how to best estimate savings for ASD applications. As more 

and more states implement EE/DSM programs the challenge of reliably estimating savings for ASD 

applications using simple methodologies continues to grow. This paper reviews the methodologies used 

to estimate savings for ASD installations on HVAC fans and pumps which do not require a custom energy 

simulation for each project. 
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1.2 Project Objectives  

The various savings estimation methodologies for ASD installations in HVAC applications used for 

EE/DSM program implementation across the country offer opportunity for investigation to determine 

which savings estimation method is the most reliable for use on a macro scale, or if a new method is 

needed.  

The project objectives were to determine whether there is an existing reliable, yet simple, measure 

savings estimation methodology to estimate savings for ASD installations on HVAC applications that can 

be recommended for states and utilities to follow for implementing ASD measures in EE/DSM programs, 

or if a more robust methodology is warranted. If it is determined that there is not an existing protocol 

that could be recommended, the project will develop a new protocol and validate whether it can be 

recommended over existing protocols.  

The final objective is to make a recommendation for EE/DSM program stakeholders as to how ASD 

measure savings should be estimated.  

1.3 Report Organization  

The report is organized as follows. Chapter 1 provides the rational for why this study was 

undertaken. Chapter 2 describes how ASDs work and save energy. Chapter 3 details how EE/DSM 

programs used Technical Reference Manuals (TRMs) to estimate measure savings, provides a literature 

review of the topic, and describes 13 different TRM savings protocols that are used to estimate savings 

from ASD installations and which were reviewed for this project. Chapter 4 describes how case studies 

were selected, how the TRMs were used, and how EnergyPlus models were developed. Chapter 5 goes 

into detail on each case study, the results from the TRM savings estimates and the EnergyPlus modeling. 

Chapter 6 compares the results from all the TRM protocols and EnergyPlus models for each case study. 

Chapter 7 develops a new savings estimation protocol while Chapter 8 uses that protocol to estimate 

savings for all the case studies to validate the protocol. Chapter 9 provides final recommendations and 

conclusions and includes suggestions for future work. 
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Chapter 2  

2 HVAC Fan and Pump Motors 

Motors account for a significant portion of the energy consumption of building HVAC systems. In 

HVAC systems, motors drive chillers, compressors, fans and pumps which are used for meeting both 

cooling and heating loads of the buildings they serve. Most existing installed motors in HVAC systems 

are single speed motors that run at a constant full speed all the time regardless of the actual load on the 

system. When the load is constant and the motor is well matched to it this is not a problem and energy 

is not wasted. However, when the load on the motor varies throughout the day, week, month or year, 

running the motor at a constant full speed can be a significant waste of energy. 

2.1 Fan Affinity Laws  

Focusing on fan motors, the potential energy that can be saved is related to the fan affinity laws 

(ASHRAE, 2012) through the reduction of rotational speed. 

ὅὊὓ  ὅὊὓ
Ὑὖὓ

Ὑὖὓ
 [1] 

ὖὶὩίίόὶὩ ὖὶὩίίόὶὩ
Ὑὖὓ

Ὑὖὓ
 [2] 

ὖέύὩὶ  ὖέύὩὶ
Ὑὖὓ

Ὑὖὓ
 [3] 

The result of these fan laws is that a slight reduction in CFM through lower fan speed results in a 

significant reduction in power needed to drive the fan. This can yield significant savings over a baseline 

constant volume system or an existing VAV system by installing an adjustable ASD. The above 

relationships are ideal. In practice the power relationship to reduction in speed is less than three. There 

is not an agreed upon power factor, but many references use power factors of around 2.0 to 2.7 as 

reasonable estimates (Consortium for Energy Efficiency (CEE), 2011). 

2.2 Pump Affinity Laws  

Similar to the fan affinity laws, there are also pump affinity laws (ASHRAE, 2012) which can be used 

to understand the potential energy that can be saved through the reduction of pump rotational speed. 

Ὃὖὓ  Ὃὖὓ
Ὑὖὓ

Ὑὖὓ
 [4] 
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ὌὩὥὨ  ὌὩὥὨ
Ὑὖὓ

Ὑὖὓ
 [5] 

ὖέύὩὶ  ὖέύὩὶ
Ὑὖὓ

Ὑὖὓ
 [6] 

As with the fan laws, the pump laws show that a small reduction in pump rotational speed can result 

in a large reduction in power needed to drive the pump. For systems that do not need to run at full 

capacity all the time significant energy savings can be achieved by reducing the pump speed through 

installation of an ASD. 

2.3 Variable Flow Systems  

Variable volume/variable flow HVAC systems try to take advantage of the first two affinity laws. In 

fan systems, adjusting air volume can be accomplished many ways thus saving energy. The fan can be 

allowed to ride its system curve as variable air volume (VAV) boxes are opened and closed to serve the 

space conditioning loads. The flow and pressure can be further adjusted by means of outlet dampers, 

inlet dampers, or inlet guide vanes at the fan itself, thus changing the CFM and pressure and saving 

energy. In pump systems, adjusting the flow with throttling valves changes the GPM and head, thus 

saving energy as well. 

These methods can save significant amounts of energy as compared to a constant volume/flow 

baseline system, but by changing the speed of the fan or pump, even more energy could be saved. 

Motor speed control devices can be used to do just that.(Lawrence Berkeley National Laboratory, and 

Resource Dynamics Corporation, 2003)(Lawrence Berkeley National Laboratory, Resource Dynamics 

Corporation, and Alliance to Save Energy, 2006) 

2.3.1 Motor Speed Control Devices  

Motor speed control devices used to control the speed of a motor through a continuous range. 

There are many forms of motor speed control devices including mechanical or hydraulic controllers, and 

!{5Ωǎ. !{5Ωǎ ŀǊŜ ƳƻǊŜ ŜŦŦƛŎient than mechanical or hydraulic controllers and have mostly replaced the 

others except in certain applications. 

aŜŎƘŀƴƛŎŀƭ ŀƴŘ IȅŘǊŀǳƭƛŎ ŎƻƴǘǊƻƭ ŘŜǾƛŎŜǎ ŘƻƴΩǘ ŀŎǘǳŀƭƭȅ ŎƘŀƴƎŜ ǘƘŜ ǎǇŜŜŘ ƻŦ ǘƘŜ ƳƻǘƻǊΣ ōǳǘ ǊŀǘƘŜǊ 

the speed for the applied load. Mechanical controllers include devices such as adjustable belts and 

pulleys, gears, throttling valves, fan dampers and magnetic clutches. Hydraulic controllers include 

hydraulic clutches and fluid couplings. (Ontario Hydro, 1997) 
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!{5Ωǎ ƻƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘ ŎƻƴǘǊƻƭ ǘƘŜ ǎǇŜŜŘ ƻŦ ǘƘŜ ƳƻǘƻǊ ƛǘǎŜƭŦ ǊŜǎǳƭǘƛƴƎ ƛƴ ƘƛƎƘŜǊ ŜŦŦƛŎƛŜƴŎƛŜǎ ǘƘŀƴ 

the mechanical or hydraulic controls. !{5Ωǎ ƛƴŎƭǳŘŜ electronic AC motor variable frequency drives (VFD), 

AC motor variable voltage controllers, eddy current clutches, switched reluctance drives, vector drives, 

wound-rotor motor controllers, cycloconverters, and DC motor controllers.(Ontario Hydro, 1997)(Rouse, 

2009) 

2.3.2 Variable Frequency Drives  

To understand the efficiency a fan is operating at, one needs to plot the fan curve an overlay the 

system curve to identify the operating point. There are several forms of fan curves, but generally the 

curves used plot percent of pressure against percent of flow rate. The system curve shows the pressure 

and flow relationship of the entire duct system at a given location, including the effects of the ducts, 

dampers, filters, etc. It basically shows the pressure requirements to overcome system losses to produce 

flow. In other words, how much pressure the fan must overcome to induce flow in the system. 

(Stebbins, 1994) 

The use of outlet dampers and inlet dampers essentially changes the system curve as the dampers 

are opened and closed, but do not change the fan curve. These changes affect the system curve by 

increasing or decreasing resistance to air flow. Energy is saved because changing the system curve 

changes the operating point on the fan curve (see Figure 3). (Stebbins, 1994) 

 

 

Figure 3. Outlet damper affect on system curves. (Cassidy & Stack, 1988), (Stebbins, 1994) 

Inlet guide vanes instead save energy by altering the fan curve itself by affecting the incoming 

airflow as it enters the fan rather than altering the system curve (see Figure 4). Affecting the flow 
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coming into the fan changes the fan characteristics, thus changing the fan curve. Inlet guide vanes are 

generally more efficient than outlet dampers or inlet dampers. (Stebbins, 1994) 

 

 

Figure 4. Inlet guide vane affect on fan curves. (Cassidy & Stack, 1988), (Stebbins, 1994) 

!{5Ωǎ Ŏŀƴ ǎŀǾŜ ƳƻǊŜ ŜƴŜǊƎȅ ǘƘŀƴ ŜƛǘƘer dampers or inlet guide vanes because rather than changing 

the system curve, or the fan curve, they are able to operate the fan at different speeds. This maintains 

the fan at roughly the same efficiency point on its fan curve while also maintaining the system curve 

(see Figure 5). The main difference is that it is operating at a different speed. This allows the designers 

ǘƻ ƻǇǘƛƳƛȊŜ ǘƘŜ ŦŀƴΩǎ ŜŦŦƛŎƛŜƴŎȅ ƻǇŜǊŀǘƛƴƎ Ǉƻƛƴǘ ŀƴŘ ǘƘŜ ǎȅǎǘŜƳΩǎ ƻǇŜǊŀǘƛƴƎ ŜŦŦƛŎƛŜƴŎȅ Ǉƻƛƴǘ ǘƘǊƻǳƎƘƻǳǘ 

the full operational range. 

 

 

Figure 5. ASD maintains fan efficiency operating point.(Cassidy & Stack, 1988), (Stebbins, 1994) 
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¢ƘŜ ŎƘŀƴƎƛƴƎ ƻŦ ǘƘŜ Ŧŀƴ ŎǳǊǾŜ ǘƘǊƻǳƎƘ ǘƘŜ !{5Ωǎ ŀŘƧǳǎǘƳŜƴǘ ƻŦ Ŧŀƴ ǎǇŜŜŘ ǊŜǎǳƭǘǎ ƛƴ ŀ power 

reduction reflected in the fan affinity laws; where the power is proportional to the cube of the speed. 

This is a theoretical relationship and would hold true if the efficiencies of each component held constant 

throughout the operating range and there was no minimum system requirements. This is not reality 

though, and the relationship in practice is somewhat less than a cube relationship as discussed in 

Section 2.1 above. Figure 6 shows the effect on the system curve with a 30% back pressure. This is the 

minimum pressure required for the fan to overcome just to induce flow. This has a significant impact on 

the theoretical cubed relationship and brings it closer to a squared relationship. This is generally the 

case for systems with static back pressure. Systems with minimal static back pressure, such as cooling 

tower fans or domed roof vent fans are able to operate closer to the cubed law. These differences 

should be taken into account when estimating savings from ASD installations. (Stebbins, 1994) 

 

 

Figure 6. System curve effects due to system efficiencies. (Stebbins, 1994) 

  

hŦ ǘƘŜ ǾŀǊƛƻǳǎ ǘȅǇŜǎ ƻŦ !{5ΩǎΣ ±C5ǎ ŀǊŜ ǘƘŜ Ƴƻǎǘ ŜŦŦƛŎƛŜƴǘ ŀƴŘ ƘŀǾŜ become the primary ASD of 

choice for most commercial HVAC fan and pump applications. VFDs control motor speed through use of 

power conversion. Power comes into the drive at a constant 60 Hz and flows through a rectifier which 

converts the AC power to DC power. The DC power then flows through an inverter which switches the 

DC power on and off to simulate AC power at the desired frequency and voltage. The inverters are 

generally of three basic types. The first type includes a variable voltage inverter (VVI) and a square-wave 
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six-step voltage source inverter (VSI). The second type is a current source inverter (CSI). The third type is 

a pulse width modulated inverter (PWM). (Ontario Hydro, 1997) 

The PWM VFD is the most common in HVAC applications as it offers several advantages over the 

other types. The primary benefits are that they produce better waveforms than the alternatives, 

resulting in smoother motor operation at all speeds and less filtering requirements. They are, however, 

the most expensive of the three main VFD types.(Ontario Hydro, 1997) 

Although much energy can be saved through installation of a VFD on HVAC fans and pumps, the 

energy savings do not necessarily translate into significant demand reductions as well. In some cases, 

installation of a VFD can increase peak demand because the efficiency of the VFD itself at maximum load 

reduces the overall efficiency of the system. VFD efficiency at full load rated output power is typically 

between 94% to 97%, between 91% to 96% at 50% power, between 83% and 93% at 20% power, and 

between 72% and 87% at 10% power (Krukowski & Wray, 2013). Below 10% power VFD efficiency drops 

substantially. Lower horsepower rated drives tend to be less efficient than larger drives, but this can 

vary by manufacturer. 

9ǾŜƴ ǿƛǘƘ ǘƘŜ ǊŜŘǳŎŜŘ ŜŦŦƛŎƛŜƴŎƛŜǎ ŀǘ ƭƻǿŜǊ ǇƻǿŜǊ ǊŀƴƎŜǎΣ ƳƻǘƻǊǎ ǿƛǘƘ ±C5Ωǎ ƛƴǎǘŀƭƭŜŘ ǎǘƛƭƭ ǎŀǾŜ 

significant amounts of energy at lower speed due to the cubed relationship of the power to speed per 

the affinity laws. 

Care must be taken when choosing to install a VFD on a motor as not all applications will be 

appropriate. There must be an opportunity for reduced speed over the existing conditions to save 

energy. Applications with varying loads generally present the greatest opportunity for savings. 

Applications where the load is constant, but the existing motor is just oversized will typically see greater 

savings by replacing the motor with a more appropriately sized motor than by installing a VFD. 

The motor type should also be considered as not all motors and applications are suitable for the 

installation of a VFD. VFDs can cause significant harmonics and if not properly considered and designed 

for, this can drastically reduce the lifetime of the motor, thus negating any savings the VFD installation 

may have otherwise achieved. 

Also, some motors are not designed to handle the increased heat that occurs when controlled with a 

VFD. Motor cooling systems are generally rated for full speed operation and as the motor speed is 

reduced, so is the ability of the motor to dissipate heat. This can lead to premature degradation of the 

insulation. Motors should be checked to confirm they have insulation levels capable of handling a VFD 

before a decision is made to install the VFD. 
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There are too many considerations that must be made when choosing to install a VFD on a motor 

application to list here. Many books are devoted to this topic alone. More detailed information can be 

found in the National 9ƭŜŎǘǊƛŎŀƭ aŀƴǳŦŀŎǘǳǊŜǊǎ !ǎǎƻŎƛŀǘƛƻƴ όb9a!ύ ƎǳƛŘŜōƻƻƪ ǘƛǘƭŜŘΣ ά!ǇǇƭƛŎŀǘƛƻƴ DǳƛŘŜ 

ŦƻǊ !/ !ŘƧǳǎǘŀōƭŜ {ǇŜŜŘ 5ǊƛǾŜ {ȅǎǘŜƳǎέ ǎǳƳƳŀǊƛȊŜŘ ōȅ .ŜȊŜǎƪȅ ŀƴŘ YǊŜƛǘȊŜǊ (Bezesky & Kreitzer, 2001). 

When carefully planned and designed, installation of a VFD on an HVAC fan or pump can save 

significant energy, even as much as 70% or greater, although more commonly in the 35% to 65% range. 

Because of this they can have very short payback periods (often less than a year) and should be 

considered as an energy efficiency measure for many building managers/owners. 

The rest of this paper focuses on potential energy savings associated with installation of a VFD on 

commercial HVAC fan applications. 

2.4 Baseline System Options 

The savings that can be achieved by installing a VFD on an HVAC fan motor depends significantly on 

what the baseline system was prior to the VFD installation. Energy savings estimates must include both 

the physical component options as well as the various control options. 

2.4.1 Baseline Components 

There are several possibilities including constant volume (CV) systems with reheat, VAV systems 

with discharge dampers allowing the constant speed fan to ride the fan curve, VAV systems with outlet 

damper controls, VAV systems with inlet damper controls, VAV systems with inlet guide vane (IGV) 

controls, or VAV systems with eddy current clutches. As most energy efficiency programs do not include 

prescriptive savings for eddy current clutches we will focus here on savings from the other alternatives. 

Within these various system types, there are still significant energy savings potential differences 

depending on the fan type used with each system. For example, does the system use an axial fan or a 

centrifugal fan, if a centrifugal fan is it a forward-curved (FC) blade, radial-blade, radial-tip, backward-

inclined (BI) flat, backward-inclined curved, or backward-inclined airfoil (AF/BI)(Lawrence Berkeley 

National Laboratory, and Resource Dynamics Corporation, 2003)? If an axial fan, is it tubeaxial or 

vaneaxial? Does it have controllable pitch blades? Each of these options can have significant 

ramifications on energy savings potential due to baseline efficiency differences. 

For example, a baseline VAV system which uses inlet guide vanes on a centrifugal fan with forward 

curved blades may not see much energy savings by installing a VFD because they are already fairly 

efficient. There may be some savings, but greater care should be put into the savings calculations to 
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ensure a reliable estimate of simple payback period or life cycle costs to justify the cost of installing a 

VFD. On the other hand, there are still significant savings opportunities for installing a VFD on a baseline 

VAV system with IGV controls on a centrifugal fan with BI blades, whether flat, curved or airfoil 

(Bonneville Power Administration).  

There are several other considerations that may also affect potential energy savings. Is the fan 

direct, gear or belt driven? Is the fan oversized or right sized? Where does the fan operate on its fan 

curve? Is the ductwork designed properly to allow the most efficient use of the fan, or is it poorly 

designed such that adding a VFD will not be useful? Is the motor oversized or right sized? What 

efficiency is the motor? What speed does the motor run: 1200, 1800 or 3600 RPM? Is the motor open 

drip proof (ODP), totally enclosed fan cooled (TEFC), or other?  

2.4.2 Baseline Controls  

There are also many control options that can have a significant impact on the savings potential. 

Although installation of a VFD by itself can save energy, when coupled with improved control strategies 

there can be even more significant benefits. But it is often difficult to separate out the savings between 

the VFD itself and the controls.  

Some of the controls that should be considered include: What pressure is the system set at? Is there 

a static pressure setpoint at which the system tries to maintain itself? What types of system controls are 

used? Does the system have to maintain a minimum system pressure just to open downstream dampers 

that will affect the minimum fan speed? Will there be power quality issues by installation of a VFD? Are 

there multiple fans or just a single fan? 

Murphy (Murphy, 2008) highlights a few specific energy saving control strategies that are often 

ŜƳǇƭƻȅŜŘ ǿƛǘƘ ±C5 ǎȅǎǘŜƳǎΦ άhǇǘƛƳŀƭ {ǘŀǊǘκ{ǘƻǇέ ǎǘǊŀǘŜƎƛŜǎ ŀǊŜ ǳǎŜŘ ǘƻ ƳƛƴƛƳƛȊŜ ǘƘŜ Ǌǳƴ-time at the 

beginning and end of daily occupancy periods. With this strategy, a building-automation system (BAS) 

monitors how long each zone takes to cool down and warm up (cooling mode, opposite for heating 

mode) depending on the outside temperature, and waits as long as possible in the morning to start the 

system. At the end of day it takes advantŀƎŜ ƻŦ ƻŎŎǳǇŀƴǘǎΩ ǘƻƭŜǊŀƴŎŜ ƻŦ ŀ ŦŜǿ ŘŜƎǊŜŜ ǘŜƳǇŜǊŀǘǳǊŜ ŘǊƛŦǘ 

to turn the system down before occupants leave. These both increase energy savings from a VFD system 

by reducing the run-time of the systems to the minimum possible. 

άCŀƴ-ǇǊŜǎǎǳǊŜ ƻǇǘƛƳƛȊŀǘƛƻƴέ ƳƻƴƛǘƻǊǎ ǘƘŜ ƳƛƴƛƳǳƳ ǇǊŜǎǎǳǊŜ ǊŜǉǳƛǊŜŘ ŀǘ ŀƭƭ ƻŦ ǘƘŜ ȊƻƴŜ ±!± 

ǘŜǊƳƛƴŀƭǎ ŀƴŘ ŀŘƧǳǎǘǎ ǘƘŜ ǎȅǎǘŜƳ ǎǘŀǘƛŎ ǇǊŜǎǎǳǊŜ ŎƻƴǘǊƻƭ ōŀǎŜŘ ƻƴ ǘƘŜ άŎǊƛǘƛŎŀƭέ ȊƻƴŜΦ ¢Ƙƛǎ affects the 
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energy consumption of a VFD system by bringing the fan part load curve closer to the ideal cube 

relationship than if a static pressure setpoint is used. 

ά{ǳǇǇƭȅ-air-ǘŜƳǇŜǊŀǘǳǊŜ ǊŜǎŜǘέ increases the cooling supply-air-temperature based on outside air-

temperature to increase use of an economizer, thus reducing the chiller load. This can negatively affect 

the energy savings of a VFD installation because more air flow is required to cool the space due to the 

higher supply temperature. When appropriate this control strategy can save more chiller energy than 

the associated increase in fan energy, but not in all cases. 

±Ŝƴǘƛƭŀǘƛƻƴ ƻǇǘƛƳƛȊŀǘƛƻƴ ǳǎƛƴƎ ǾŀǊƛƻǳǎ άŘŜƳŀƴŘ-ŎƻƴǘǊƻƭƭŜŘ ǾŜƴǘƛƭŀǘƛƻƴέ ό5/±ύ ǎǘǊŀǘŜƎƛŜǎ ŀƭǎƻ Ŏŀƴ 

lead to additional savings with a VFD installation, or if already employed can reduce the expected 

savings if not accounted for. The strategies for DCV include CO2 sensors installed in high density 

occupancy areas, occupancy sensors installed in lowered density occupancy areas with variable 

schedules, and time-of-day scheduling can be used in predictable occupancy areas. 

Because of the energy savings differences with only subtle differences in system configuration (of 

which the customer may be unaware), it is especially important for the system retrofit designer and the 

program implementer (who pays incentives for installing VFDs) to take care in fully understanding the 

existing system configuration before estimating savings. It is also important for the independent 

evaluator of such a project to understand the nuances of the systems and how they affect energy 

savings. 

2.4.3 Fan Part Load Curves 

A primary way to understand the energy savings differences is to compare the fan part load ratio 

(PLR) curves (also referred to as power ratio curves) of each system. These part load power curves are 

typically based on a third order polynomial equation such as the following. 

ὖὒὙ ὥ ὦ ὊὊ ὧ ὊὊ Ὠ ὊὊ [7] 

Where: 

 ὖὒὙ Part Load Ratio; ratio of fan power at part load conditions to full load fan power 

 ὊὊ  Flow Fraction; ratio of cfm at part load to full load cfm 

ὥȟὦȟὧȟὥὲὨ Ὠ  constants; fan coefficients for regression equation for fan given configuration 

type 

To model various fan control types, EnergyPlus and other simulation software generally use such 

curves. There is not a standard set of curves for simulations or energy calculations, however, and it 
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therefore requires some judgment as to which is the most appropriate to use. Several fan part load 

curves are shown in Figure 7 with corresponding coefficients in Table 1. 

 

 

Figure 7. Fan Part Load Curves for Various Configurations. 
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Table 1. Fan Part Load Ratio Regression Coefficients. (Bonneville Power Administration), (Ernest Orlando Lawrence 

Berkeley National Laboratory (LBNL), 2013), (Wray & Matson, 2003). 

Fan Control Type 

Regression Coefficient 

a b c d 

Discharge Dampers (LBNL) 0.37073425 0.97250253 -0.34240761 0 

Outlet Damper, BI & Airfoil Fans (BPA) 0.5592857 -0.56905 2.462 -1.4 

Inlet Damper Box (BPA) 0.5025833 0.71648 -1.452 1.3 

Inlet Guide Vane, BI & Airfoil Fans (BPA) 0.472619 0.67944 -1.554 1.4 

Inlet Vane Dampers (LBNL) 0.35071223 0.30850535 -0.54137364 0.87198823 

Outlet Damper, FC Fans (BPA) 0.2041905 0.10983 0.745 0 

Eddy Current Drives (BPA) 0.1639683 -0.05647 1.237 -0.3 

Inlet Guide Vane, FC Fans (BPA) 0.2 0.06808 -0.128 0.9 

VFD (LBNL) 0.001530245 0.005208057 1.1086242 -0.11635563 

VFD (BPA) 0.059 -0.19567 0.766 0.4 

VFD (CA Title 24) (Wray & Matson) 0.1021 -0.1177 0.2647 0.76 

E+ Prototype VAV w/ VFD (LBNL) 0.040759894 0.08804497 -0.07292612 0.943739823 

 

For more clarity, Figure 8 compares the fan part load curves for systems with discharge dampers and 

outlet dampers for easier viewing. As can be seen, FC centrifugal fans with outlet dampers have 

significantly lower PLwΩǎ ǘƘŀƴ similar systems with BI or AF blades. When calculating savings it is 

important to identify which type of fan blade the system has. 

 



 

  P a g e | 16 

 

Figure 8. Fan Part Load Curves with Outlet or Discharge Dampers. 

Figure 9 shows the curves for systems with inlet dampers or IGVs. Similar to the curves for outlet 

dampers, the systems with IGVs on FC Ŧŀƴǎ ƘŀǾŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƭƻǿŜǊ t[wΩǎ ǘƘŀƴ ǘƘƻǎŜ ǿƛǘƘ BI or AF 

blades. 
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Figure 9. Fan Part Load Curves with Inlet Vanes and Inlet Dampers. 
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Part load curves for ASD systems are shown in Figure 10Φ ¢ƘŜǊŜ ŀǊŜ ǎŜǾŜǊŀƭ ŎǳǊǾŜǎ ǎƘƻǿƴ ŦƻǊ ±C5ΩǎΣ 

however, they are all quite similar. The main difference occurs below a part load flow fraction (FF) of 

30%. Below this fraction the LBNL model continues to a minimum PLR of 0.0%, suggesting an idealized 

relationship based on the affinity laws. This is possibly appropriate for low pressure applications such as 

cooling tower fans or domed vent fans (Stebbins, 1994). The CA Title 24/Wray and Matson model levels 

out at roughly 10% PLR, which reflects a recognition of minimum static pressure requirements more in-

line with actual field conditions, with the others in between. This can have a significant impact on overall 

estimated savings if a significant fraction of the fan run hours are below 30% FF. Because there are 

always friction losses that the motor must overcome just to maintain its minimum speed, the LBNL 

model likely underestimates the PLR in this range, whereas the CA Title 24/Wray and Matson model is 

more realistic. Because of these reasons the analysis and modeling for this report will use the CA Title 

24/Wray and Matson VFD model as a slightly more conservative estimate rather than the others. 

 

 

Figure 10. Fan Part Load Curves with ASDs. 

There are significant differences in the energy savings potential of a VFD project depending on what 

the actual baseline is. When estimating potential energy savings from a VFD project it is important that 

the correct baseline curve is used. 
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Chapter 3  

3 Energy Efficiency  and Demand Side Management Programs  

To achieve energy savings through efficiency improvements, the most common tactic states have 

taken is to adopt energy efficiency portfolio standards (EEPS1). These standards generally set specific 

savings goals for utilities to achieve through EE/DSM program offerings. Programs are typically 

differentiated by ratepayer sectors such as residential, commercial, industrial, government, etc. Some 

programs are separated further by technology type or by rebate type such as prescriptive measures and 

custom measures.  

Custom measures are offered incentives based on a fixed incentive per kWh or kW saved. 

Prescriptive measures are commonly offered fixed incentives per unit installed, where units relates to 

the type of measure. For example, a program could offer a fixed incentive per installed ENERGY STAR 

refrigerator independent of actual energy saved, or a fixed incentive per light fixture meeting a certain 

criteria. Some programs offer incentives for VFD installations on HVAC fans or pumps based on a fixed 

incentive per HP controlled, or incentive per kWh saved using a fixed formula for the kWh saved. Other 

programs offer incentives based on a percent of incremental cost of the VFD installation. Still others may 

offer a fixed incentive for different motor size categories such as an incentive for VFDs on motors 1-5 

HP, another for 6-10 HP, another for 10-20 HP, etc.  

3.1 Ex Ante Savings versus Ex Post Savings Estimates 

Regardless of how the incentive is paid, the programs must always provide an estimate of the 

energy savings for each measure incented. To do this, many jurisdictions use a standard document 

which specifies a methodology which must be used by the program implementers to estimate savings by 

measure type. These documents take many forms, but the most common is to use a Technical Reference 

Manual (TRM) or its equivalent. ¢ƘŜǎŜ ǎŀǾƛƴƎǎ ŜǎǘƛƳŀǘŜǎ ŀǊŜ ǳǎŜŘ ŀǎ ǊŜǇƻǊǘŜŘ άŜȄ ŀƴǘŜέ (claimed) 

ǎŀǾƛƴƎǎ ǘƻǿŀǊŘǎ ǘƘŜ ƛƳǇƭŜƳŜƴǘŜǊǎΩ ƳŀƴŘŀǘŜŘ ǎŀǾƛƴƎǎ ǘŀǊƎŜǘǎΦ  

                                                           

1
 ñEEPSò will be used throughout this paper as a general reference to all legislation, regulation requirements, or 

utility decisions which result in the requirement for a given entity to develop portfolios of energy efficiency 

programs within the applicable jurisdiction in order to meet set energy and/or demand reduction compliance targets. 
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An independent evaluator typically selects a statistically valid random sample of projects for the 

program year ǘƻ ǾŜǊƛŦȅ ǎŀǾƛƴƎǎ ŀƴŘ ŎƻƳŜ ǳǇ ǿƛǘƘ άŜȄ Ǉƻǎǘέ (verified) savings estimates. The ratio of 

project ex post savings to project ex ante savings is called the project realization rate. The sampled 

realization rates are combined using statistical methods to determine a program level realization rate. 

The program level ex ante savings are then multiplied by the program level realization rate to determine 

overall verified savings for compliance.  

For several jurisdictions the savings are verified using the TRM, thus it is important that the TRM 

protocols produce savings estimates that are reliable predictors of average program savings for each 

measure type.  

3.2 Technical Reference Manuals   

[This Section 3.2 is reprinted from a previously published paper ƻŦ ǘƘŜ ŀǳǘƘƻǊΩǎ (Del Balso & Grabner, 

2013)] 

A TRM, as related to energy efficiency programs or their equivalent, is a manual that specifies a 

standardized methodology for implementers to estimate and claim savings (energy, demand, fuel, 

water, greenhouse gases, etc.) for many common, mass marketed, energy efficiency measures. They are 

also sometimes used by evaluators as the yardstick against which the implementers will be judged. For 

jurisdictions with multiple implementers offering the same measure, this ensures all parties are claiming 

savings for the measures in a similar manner, and sometimes using the same deemed savings estimate.  

In jurisdictions without a TRM, it is typical for each implementer offering an energy efficiency 

program to claim measure savings using their own methodology and estimates. This commonly results 

in each program claiming a different savings for a given measure, even though there may be no 

indication of actual differences between the program offerings and measure savings. A TRM reduces this 

ƛƴŎƻƴǎƛǎǘŜƴŎȅ ōȅ ǇǊƻǾƛŘƛƴƎ ŀ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ŀǾŜǊŀƎŜ άŘŜŜƳŜŘέ ǎŀǾƛƴƎǎ ǾŀƭǳŜ ƻǊ ǎǘŀƴŘŀǊŘ άŘŜŜƳŜŘέ 

savings algorithm for each measure in the TRM to be used by all implementers. 

¢waǎ ǳǎǳŀƭƭȅ ƛƴŎƭǳŘŜ άŦǳƭƭȅ ŘŜŜƳŜŘέ2 ƳŜŀǎǳǊŜǎ ŀƴŘ άǇŀǊǘƛŀƭƭȅ ŘŜŜƳŜŘέ3 measures, but rarely 

include protocols for custom measures. Different terminology may be used in various jurisdictions, but 

ƛƴ ƎŜƴŜǊŀƭΣ άŦǳƭƭȅ ŘŜŜƳŜŘέ ǊŜŦŜǊǎ ǘƻ ƳŜŀǎǳǊŜǎ ŦƻǊ ǿƘƛŎƘ ŀ ǎƛƴƎƭŜ ŀǾŜǊŀƎŜ άŘŜŜƳŜŘέ ǎŀǾƛƴƎǎ ǾŀƭǳŜ ƛǎ 

provided in the TRM to be used no matter what the actual customer conditions are. No customer 

                                                           

2
 Sometimes referred to as ñdeemed,ò ñprescriptive,ò ñstipulated,ò etc. 

3
 Sometimes referred to as ñsemi-deemed,ò ñquasi-deemed,ò ñquasi-prescriptive,ò etc. 
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specific inputs are required to claim savings. For example, some TRMs provide a single deemed savings 

estimate for all recycled refrigerators regardless of size, location, age, configuration, etc. Fully deemed 

measure protocols work best for large scale mass market measures where there is strong empirical data 

to derive an estimate for average savings for the population, or measures with conditions of installation 

that rarely fluctuate significantly from a known value. The advantage of fully deemed measures is that 

they enable very cost effective implementation due to their simplicity. Their disadvantage is that if the 

population of participants is relatively small, the participating population measure consumption differs 

in some way from the assumptions, or there is limited reliable data to support the savings estimates, 

then the deemed savings estimates may be inaccurate and unreliable. They also generally are not 

reliable predictors of savings for an individual customer. 

άtŀǊǘƛŀƭƭȅ ŘŜŜƳŜŘέ ƳŜŀǎǳǊŜǎ ŀǊŜ ǎƻƳŜǿƘŜǊŜ ōŜǘǿŜŜƴ Ŧǳƭƭȅ ŘŜŜƳŜŘ ŀƴŘ ŎǳǎǘƻƳ ƳŜŀǎǳǊŜǎΦ CƻǊ 

measures which vary significantly in their installation characteristics, the TRM may use a standard 

άŘŜŜƳŜŘέ ǎŀǾƛƴƎǎ ŀƭƎƻǊƛǘƘƳ ǊŀǘƘŜǊ ǘƘŀƴ ŀ fully deemed savings value. The protocol may include some 

άŘŜŜƳŜŘέ ǾŀǊƛŀōƭŜǎ ǿƘƛŎƘ Ƴǳǎǘ ōŜ ǳǎŜŘ ōȅ ƛƳǇƭŜƳŜƴǘŜǊǎ ŦƻǊ ŀƭƭ ŎǳǎǘƻƳŜǊǎΣ ŀƴŘ ǎƻƳŜ ǾŀǊƛŀōƭŜǎ ǿƘƛŎƘ 

have default values for each jurisdiction or measure characteristic, but which may use customer specific 

inputs in place of the defaults if known. Some variables may not include a default value at all, but 

instead the implementer is required to obtain customer specific data. These measures are not 

appropriate to be fully deemed because the true savings fluctuate widely from customer to customer 

and a representative average is difficult to determine. Examples include commercial and residential 

HVAC measures, non-residential lighting projects, variable speed drives, etc. 

Custom measures are on the other end of the spectrum from fully deemed measures. They are 

generally one of a kind measures for a given customer, and/or so complicated or rare that average 

savings estimates cannot be reliably derived. Examples of custom measures include modifications to a 

unique industrial process, a large chiller plant upgrade with multiple chillers and complicated control 

sequences which does not fit common TRM measure parameters, or installation of a newer technology 

that has not yet been evaluated as part of an energy efficiency program. Custom measures generally 

require project specific savings estimates to be derived once the project details are known. Custom 

measures are more complicated to implement than fully deemed or partially deemed measures, and 

therefore, many implementers prefer to include as many measures as possible in a TRM as fully or 

partially deemed. 

Due to the unique needs of each jurisdiction implementing energy efficiency programs across North 

America, there is a diversity of approaches to naming, developing, using and maintaining each 
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ƧǳǊƛǎŘƛŎǘƛƻƴΩǎ ŜǉǳƛǾŀƭŜƴǘ ƻŦ ŀ ¢waΦ ²Ƙŀǘ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ŀ άƳŜŀǎǳǊŜ ǎŀǾƛƴƎǎ ǇǊƻǘƻŎƻƭέ ƛƴ ƻƴŜ ¢wa Ƴŀȅ ōŜ 

ǘŜǊƳŜŘ ŀ άƳŜŀǎǳǊŜ ǎǳōǎǘŀƴǘƛŀǘƛƻƴ ŘƻŎǳƳŜƴǘέ ƛƴ ŀ ŘƛŦŦŜǊŜƴǘ ƻƴŜΣ άǳƴƛǘ ŜƴŜǊƎȅ ǎŀǾƛƴƎǎέ ƛƴ ŀƴƻǘƘŜǊ or a 

άƳŜŀǎǳǊŜ ŜǎǘƛƳŀǘƛƻƴ ǎƘŜŜǘέ ƛƴ ȅŜǘ ŀƴƻǘƘŜǊΦ 

¢waΩǎ ƘŀǾŜ ōŜŜƴ ŘŜǾŜƭƻǇŜŘ ƛƴ Ƴŀƴȅ ŦƻǊƳǎ ƛƴŎƭǳŘƛƴƎ ǎǘŀƴŘ-alone text documents, stand-alone 

spreadsheets, downloadable programs, web-based applications, and any combination of these. The 

most common format is a text document with or without supporting spreadsheets, however, several 

jurisdictions maintain databases of energy efficiency measure savings which contain similar content and 

serve a similar purpose as a TRM, but are not called a TRM. As an example, California has an extensive 

database of deemed measure savings titled the California Database for Energy Efficiency Resources 

(California Public Utility Commission, 2011), more commonly known as the DEER. This database has 

been developed overtime through significant research, metering studies, and evaluations. The Michigan 

Energy Measures Database (MEMD) (Morgan Marketing Partners, 2013) is another tool that is similar in 

purpose and function as a TRM, but which resides in a database rather than a text document. The Pacific 

Northwest Electric Power and Conservation Planning Council's Regional Technical Forum (RTF) uses 

multiple documents together which collectively serve a purpose similar to a TRM. The RTF has 

established four different savings estimation methods which can be used for energy efficiency 

measures, two of which ǿƘŜƴ ŎƻƳōƛƴŜŘ ǿƻǳƭŘ ōŜ ǎƛƳƛƭŀǊ ǘƻ ŀ ¢waΣ ǘƘŜ ά¦ƴƛǘ 9ƴŜǊƎȅ {ŀǾƛƴƎǎέ ό¦9{ύ ŀƴŘ 

ά{ǘŀƴŘŀǊŘ tǊƻǘƻŎƻƭέ ƳŜǘƘƻŘǎ (Regional Technical Forum (RTF), 2012). The US Department of Energy 

funded Uniform Methods Project (UMP) (National Renewable Energy Laboratory (NREL) and The 

Cadmus Group, Inc, 2012) ƛǎ ŀƴ ŀǘǘŜƳǇǘ ǘƻ ŘŜǾŜƭƻǇ άa set of model protocols for determining energy 

and demand savings that result from specific energy-efficiency measures or programsΦέ The vision is that 

the UMP protocols will serve as generally accepted industry standard framework that can be 

incorporated into a TRM and modified as needed. 

Regardless of the terminology used, at a minimum they all include protocols to estimate savings for 

measures which are incented in energy efficiency programs. This typically includes residential and non-

residential electric energy efficiency measures which are incented in a prescriptive manner. Some TRMs 

also include gas and other fuel energy efficiency measures, and even custom measure savings protocols. 

The type of measures (electric, gas, other) included is generally based on the needs and scope of the 

applicable EEPS or equivalent legislation. 

Whatever the format, the content within each measure protocol includes at a minimum, the 

methodology for estimating energy savings, whether it is from electricity, fuel, or both. This may be in 

the form of a fully or partially deemed savings estimate, and in a few cases custom measure protocols. 
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The protocol may include a methodology for estimating electric peak-demand savings, water savings, 

measure lifetimes, required/allowable incentive levels, incremental measure cost assumptions, total 

resource cost (TRC) estimates, and/or any other information the stakeholders establish as appropriate 

for their jurisdiction. Some TRMs include measurement and verification (M&V) requirements in addition 

to the savings estimates. The scope of the TRM measure protocols will be based on the needs of the 

stakeholders developing the TRM. 

Due to the varied nature of their development and purposes, some TRMs are quite complete and 

thorough in their documentation. These standalone TRMs include common cross-cutting assumptions, 

the purpose of the TRM and its proper application within the TRM document itself, in addition to the 

measure protocols. Some jurisdictions maintain several documents which collectively serve as a TRM, 

with each document focused on a specific measure or providing specific guidance on the use or 

development of the measure protocols. 

3.3 Literature  Review 

Section 3.4 below discusses the methodologies used in each publically available TRM identified for 

this study. As far as the author is aware, there are no research papers comparing the different savings 

methodologies used in the TRMs across the country. Further, there are no studies investigating the 

reliability of the various TRM methodologies against the verified savings for real case studies. There are 

many annual energy efficiency program evaluation reports available which compare the verified savings 

for one program against the verified savings for a sample of projects within that program, but often 

those evaluations use the same methodology as the TRM to derive the verified savings. This does not 

provide a realistic check on the TRM methodology, but rather only provides a look at whether the 

implementers were correctly using the TRM.  

Further, there are very few programs which include only incentives for VFD measures, thus the 

evaluations typically include sampled projects from all of the available measures offered. This prevents 

one from being able to derive VFD specific findings from the reports. 

While there are several research papers investigating the savings associated with installation of 

VFDs in industrial applications or on pump motors, there are relatively few looking specifically at HVAC 

fan installations in commercial buildings. The following sub-sections summarize the findings of a 

literature review on this topic. 



 

  P a g e | 24 

3.3.1 Overview  

Although focused primarily on the industrial sector, Saidur (Saidur, A review on electrical motors 

energy use and energy savings, 2010) provides a good literature review on motor use and opportunities 

for energy savings in industrial applications. As the paper is focused primarily on energy efficient motors 

and their savings, it does not extensively cover the aspects of installing VFDs. The review does briefly 

cover the installation of VFDs on motors in HVAC applications, but does not go into much discussion on 

calculating energy savings from their installation.  

Several of the authors referenced in the paper explained the significant opportunity for savings 

associated with replacing inefficient motors with efficient motors, and reported that most motors do 

not operate at full load. There were conflicting studies on the operating points of most motors. One 

author suggested that most motors in buildings and industrial facilities operate at a load factor between 

50 percent to 70 percent. Another author wrote that 75 percent of motors in industrial facilities operate 

at load factors less than 60 percent. In a separate U.S. Department of Energy document, the load factor 

is assumed to be 65 percent for calculations unless otherwise known (Lawrence Berkeley National 

Laboratory, and Resource Dynamics Corporation, 2008). This is significant because motors are most 

efficient when they are at roughly 75 percent load factor or greater. Motor efficiency and power factors 

drop significantly at less than 50 percent of full load. Because most motors are operating at such low 

load factors there is much potential for energy savings when installing a VFD. 

Saidur also referenced several studies in which savings from VFD installations were estimated. One 

author estimated savings from a VFD installation on a hospital pumping system with simple calculations 

using the fan affinity laws, but did not compare those to actual savings (Lonnberg, 2007). The paper 

looked at potential savings only, and did not compare the calculated estimates to those from an actual 

installation. 

Another study looked at savings from VFDs in a metal plating facility, but did not describe how those 

savings were calculated (Galitsky & Worrell, 2008).  

A third study looked at VFD installations in the pumping of machine coolant in an engine plant. 

Savings were calculated using metering output from an energy management system (EMS) rather than 

using an algorithm based approach (Price & Ross, 1989).  

A fourth study looked at savings from installation of variable speed chiller plants. In this study, 

computer simulation modeling was used to estimate savings with the model based on the fan and pump 

affinity laws using a cubic relationship (Yu & Chan, 2009). The paper did not, however, compare the 

computer simulation estimates to actual metered savings from an actual installation.  
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Yet another study presented savings from installing VFDs in selected industries. Energy savings were 

ŜǎǘƛƳŀǘŜŘ ǳǎƛƴƎ ŀ ŘŜŜƳŜŘ ǎŀǾƛƴƎǎ ǇŜǊŎŜƴǘ ŜǎǘƛƳŀǘŜ ŦǊƻƳ !ǊƛȊƻƴŀ tǳōƭƛŎ {ŜǊǾƛŎŜΩǎ Ŝnergy efficiency 

program (Saidur, et al., 2009).  

Teitel et al. (Teitel, et al., 2008) performed an experiment to estimate energy savings from the 

retrofit of poultry house ventilation fans with a VFD. Two identical poultry houses were metered using 

an ON-OFF fan operation in one of the poultry houses, and using a fan controlled by a VFD for the other 

poultry house. Metered energy consumption was compared to show energy savings from the VFD. No 

model or algorithm was used or developed however. 

None of the studies listed investigated different savings methodologies for installing VFDs in 

commercial office HVAC applications as is the focus of this report. Nor did they compare different 

savings estimation methodologies to other methods, or compare metered savings results to predicted 

estimates. The author was not able to find any studies which did such a comparison. 

3.3.2 Case Study Paper Reviews 

Some of the reviewed papers did include case study comparisons. An early paper reported the on 

the consideration of installing a VFD on an new industrial plant process cooling tower fan motors as 

compared to installing a constant volume fan (Cassidy & Stack, 1988). Also considered were outlet 

damper controls and inlet guide vane controls. Calculations were performed using the simple fan affinity 

laws and a cubed relationship. More robust analyses and evaluations performed since 1988 have shown 

the cubic relationship to overstate realized savings due to efficiency losses. 

A study was reported on in 2002 which compared the economics of various cooling tower capacity 

control methodologies (Stout Jr. & Leach, 2002). This study focused on the overall cooling tower 

efficiency changes based on water temperature and flow control rather than on different methodologies 

to estimate fan motor savings from a VFD installation. Comparisons were made between different 

control strategies with each analyzed using a single speed fan, two speed fan, and a variable speed fan. 

The study was primarily interested in savings due to the different control methods rather than the 

differences in fan operation. 

Wang and Liu (Wang & Liu, 2003) estimated energy savings from installation of VFDs on a non-

makeup-air laboratory fume hood system. They showed how savings can be estimated compared to a 

constant volume fume hood system. In addition they showed how savings can be calculated in a three 

fan system and provided algorithms to optimize fan operation between the three fans as compared to 
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the baseline system. Although the study shows significant fan energy savings, the study focused on 

laboratory fume hood retrofits only. 

3.3.3 Savings Estimation Techniques  

As shown in the Section 3.4 there are various methodologies employed across the country used to 

estimate savings from VFD installations. A few papers used one or more of these methodologies to 

compare savings to case study projects as described further below. 

3.3.3.1 Simple Engineering Algorithms / Affinity Laws  

One of the most fundamental methodologies to estimate energy savings from VFD installations is to 

use the fan affinity laws. Calculations using the affinity laws are commonplace. There are, however, 

several ways to overestimate savings when using the ideal fan or pump affinity laws. These issues must 

be accounted for to avoid significantly over-estimating savings. Maxwell summarized several of these 

issues: system elements that affect system head pressure independently of flow rate; system elements 

that change head pressure in proportion to less than the square of the flow rate; dynamic system 

elements such as downstream dampers; changes in fan efficiency with modulating flow, pressure, or 

speed; decrease in motor efficiency at low part loads; more efficient existing part load controls than 

expected; drive efficiency curves; and low load factor at full flow. Individually each of these can cause 

savings estimates to be off by at least 2% and up to 10% or more in some cases. (Maxwell, 2005) 

Rice (Rice, 1988) suggests energy savings are best estimated by separately calculating the baseline 

and retrofit energy consumption, then taking the difference. He describes that to use the affinity laws to 

estimate savings, one must first account for the system static head or static pressure requirements as 

anything above zero will affect the intersection point of the system curve on the pump or fan curve. If 

this is not accounted for savings will be overestimated. To estimate savings the evaluator must 

understand the baseline method of flow control, gather the pump or fan data, gather the process 

information which affects savings such as: specific gravity or density, system resistance (static 

head/pressure versus frictional), and pump/fan efficiency curves. One also needs efficiency curves for all 

the electrical components such as the motor, drive, gears, transformers, etc.  

Reasonable assumptions can be made for the pump/fan curves and electrical efficiency curves 

without drastically affecting savings estimates, however, project specific data is needed on the other 

data points to reliably estimate savings. It is critical to have not just full load efficiencies, but part load 

efficiencies as well in order to estimate baseline and retrofit consumption and therefore savings. This 

often requires metering. 
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Lee (Lee, 2001) compared savings estimates from VFD installations for several case studies in various 

industrial applications using estimated energy savings based on metering results and energy savings 

estimates made using the fan affinity laws and engineering calculations. For the simplified calculations, 

the base kW estimates were made using an assumed load factor, the nominal nameplate HP, nameplate 

efficiency, and the following algorithm:  

ὖὶὩὶὩὸὶέὪὭὸ ὦὥίὩὰὭὲὩ Ὧὡ  
Ὤὴ ὼ πȢχτφ 

Ὧύ
Ὤὴ
ὼ ὒέὥὨ Ὂὥὧὸέὶ

ὓέὸέὶ ὩὪὪὭὧὭὩὲὧώ
 

[8] 

Energy consumption and savings were based on projected baseline run-hours determined through 

interviews with plant/facility maintenance managers. All baseline systems were constant speed/volume 

applications. These reported run hours were used with the pre-retrofit baseline kW to project baseline 

energy consumption. 

Post retrofit projected consumption was calculated using the affinity laws with a 2.5 power rather 

ǘƘŀƴ ŀ ŎǳōŜŘ ǇƻǿŜǊ ōŀǎŜŘ ƻƴ {ǘŜōōƛƴǎΩ (Stebbins, 1994) work showing the affects of static 

pressure/head on the ideal relationship. The following algorithm was used: 

ὖέύὩὶς

ὖέύὩὶρ
 
ὛὴὩὩὨς

ὛὴὩὩὨρ

Ȣ

 [9] 

It appears that post retrofit metering data was used to estimate the percent time the motors spent 

in various speed bins, but this was not clarified in the paper. 

The calculated baseline kW, run hours, and calculated energy savings estimates were compared to 

the estimates using the pre and post retrofit metering data. The conclusion was that the run hour 

estimates made from facility maintenance manager interviews were not that reliable. The predicted 

energy savings from the simplified calculations varied significantly from the metered results. As such, 

the author recommend VSD savings should be estimated using metered results to determine baseline 

power, run-time hours, and speed bins rather than using interviews and nameplate data. There was not 

a judgment made on the use of the 2.5 power on the affinity law. It is important to note that these were 

industrial applications which tend to have more variation than HVAC applications. 

3.3.3.2 Spreadsheet Calculations  

The more reliable methods to estimate savings that do not rely on computer simulations generally 

require input of a system load profile which looks at the time a fan motor spends in various ranges (bins) 

of percent flow (Rouse, 2009). Minimum and maximum allowable speed/flow and the amount of 

throttling that occurs within the full operating range over the course of a year determine how much 
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energy can be saved by installing a VFD (Ontario Hydro, 1997). The hours spent within each speed/flow 

range are recorded in a spreadsheet. The affinity laws or a regression equation for the power/flow 

relationship for the system are applied to each bin. The energy consumption for each bin are then added 

up and compared to the baseline energy consumption to determine savings. 

It is recognized that demand savings estimates are difficult to predict on a system level basis when 

comparing multiple different system configurations. It is best not to look at individual components, but 

the combined efficiency of each system considered. Although not specifically focused on VFD savings, 

Kavanaugh developed a simplified spreadsheet calculation to do a quick early design comparison of 

different system types to compare design day max efficiency (Kavanaugh, 2003). 

3.3.3.3 Computer Simulation Energy Modeling  

One of the advantages of a building computer simulation methodology to estimate savings from VFD 

installations is that the computer simulations can model efficiency and consumption changes that occur 

in the different parts of the HVAC system as a result of installing a VFD on the fan. For example, on 

systems with the motor in conditioned spaces, running the motors at reduced speeds can not only save 

energy from the fan motor, but can reduce the cooling load on the building HVAC system due to lower 

motor heat losses. During the heating season, however, the lower fan motor heat losses may require 

increased heating energy consumption to meet the heating load.  

Computer energy simulations also have the ability to isolate savings from installation of the VFD 

from the savings associated with various control methods. This is often not possible when using billing 

data or metered data. 

²ƘŜƴ ŘŜǘŜǊƳƛƴƛƴƎ ǎŀǾƛƴƎǎ ŦǊƻƳ ±C5Ωǎ ƛǘ ƛǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ŎƻƴǎƛŘŜǊ ƴƻǘ Ƨǳǎǘ ǘƘŜ ƴƻƳƛƴŀƭ ŜŦŦƛŎƛŜƴŎȅ ƻŦ 

the motor at full load, as this may represent only a small fraction or (or even none of) the annual 

operating points. It is necessary to look at the combination of the fan efficiency curve, the motor 

efficiency curve and the VFD efficiency curve. These should then be compared to the system efficiency 

curve to determine where on the combined fan/motor/VFD efficiency curve the system operates. 

Unfortunately this point is always changing as the system adjusts to load. It is difficult to make accurate 

energy consumption estimates based on a single two dimensional curve as it is not representative of the 

real complexities of the system. More advanced modeling software can use the efficiency curves for 

each component to determine operating conditions for annual energy simulations. (Rooks & Wallace, 

2004) 
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Eto and Almeida (Eto & De Almeida, 1988) evaluated the potential energy savings achievable 

through installation of a VFD on a commercial HVAC fan and chillers as compared to using inlet guide 

vanes. Computer simulations were performed with different parametric runs on two prototypical 

commercial buildings and using five different climate zone weather files. The commercial building 

included in the study was a prototypical retail strip mall and a prototypical medium office building. Both 

building prototypes were made to meet ASHRAE Standard 90-1975.  

The baseline HVAC system for the retail building was a standard VAV system with inlet guide vanes. 

The retrofit scenario was modeled with a VFD installed. The baseline for the office building was a dual-

duct VAV system with inlet guide vanes. The retrofit scenario was modeled with VFDs installed. The 

office building also included retrofit of a conventional constant flow chiller with a VFD chiller. Savings 

from retrofitting the chiller were separated from the fan retrofit savings by running multiple model 

configurations.  

The models were each run in five different climate zones using Weather Year for Energy Calculation 

(WYEC) data. Simulations were performed using the DOE-2.1C simulation program.  

The simulations showed savings for both the fan and chiller applications, but also showed increased 

heating consumption due to the reduced heating load from running the fans at lower speeds. These 

HVAC interactive effects are generally not accounted for in the simplified VFD savings models. 

Interestingly the energy savings for the retail models differed much more between climate zones than 

the savings for the medium office building, primarily because the office building HVAC load was more 

dominated by internal loads as compared to the retail building. Both prototypes showed potential for 

economical energy savings, with the office building showing somewhat more potential. This study did 

not compare the modeling results to other savings estimation methodologies, nor to verified case 

studies. 

3.3.3.4 Statistical Approaches  

Yalcintas (Yalcintas, 2008) presents the use of an Artificial Neural Network (ANN) approach to 

estimating savings for two different case studies. One of the case studies was the installation of VFDs on 

an existing air-handling units of a hotel and the addition of energy management systems in each guest 

room. According to Yalcintas, the benefit of using a ANN approach as opposed to the more common 

Multivariable Regression (MVR) approach is that there is a faster learning time, the analysis is more 

simple, there is better prediction accuracy, and there is an added ability to model fluctuations in the 

building energy use.  
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This method, however, required both pre-ŀƴŘ Ǉƻǎǘ ƳŜǘŜǊƛƴƎ ǘƻ άǘǊŀƛƴέ ǘƘŜ ƳƻŘŜƭ ōŜŦƻǊŜ ōŜƛƴƎ ŀōƭŜ 

to use it for prediction of savings, thus limiting its application to evaluation of savings post-installation 

rather than prediction of savings pre-installation. This method is not available to predict savings in the 

absence of metering, but it is rather a method to annualize short term metering results. Although the 

results appeared to produce good reliability, this approach does not offer significant usability for energy 

efficiency program implementation, per the focus of this report. It is possible, however, that this 

approach could be considered for evaluation of achieved program savings. 

3.4 TRM Savings Methodologies for VFD Installations on HVAC Fan or Pump 

Motor s 

Several TRMs include protocols for estimating savings associated with installing a VFD on an HVAC 

motor for non-residential applications. Most of the protocols include savings estimates for installations 

on HVAC supply, return or exhaust fans, or chilled water loop or hot water loop pump motors. A few 

also include estimates for installations on cooling tower fan motors.  

The following TRMs include protocols for HVAC VFD installations and were included in this study for 

comparison. This should not be considered an exhaustive list of available TRMs. New TRMs are often 

under development and existing TRMs typically undergo annual or biannual updates which may 

supersede the documents identified for this report. Many TRMs are not posted in conspicuous public 

locations on the internet. Some are buried as links on a public court docket that are not accessible 

through normal internet search engines without previous knowledge of their existence. 

Table 2 lists the TRMs included in this analysis and summarizes the calculation methodologies and 

source of savings estimates. The following sections go into more detail for each TRM listed including the 

savings algorithms used. 
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Table 2. TRM Calculation Methodology Comparison 

 

 

The savings methodologies used in the listed TRMs can be generally categorized into the following 

methods with the number of TRMs using the method recorded in parentheses: 

¶ Simple calculations using fan affinity laws (1) 

¶ DOE-2.2 energy simulation outputs (2) 

¶ Temperature bin spreadsheet analysis (6) 

¶ Empirical evaluation results (2) 

¶ Fan part load curves (1) 

¶ Unknown/from non-public report (1) 

9ŀŎƘ ƻŦ ǘƘŜ ¢wa ǇǊƻǘƻŎƻƭǎ ŦƻǊ ±C5Ωǎ ŀǊŜ ǎǳƳƳŀǊƛȊŜŘ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ sub-sections. It is interesting to 

note that of the six TRMs using temperature bin spreadsheet analysis, Connecticut is the only 

jurisdiction that actually did the analysis and the other five are based on different years of the CT TRM. 

With the differences shown in the description of each TRM, it is very interesting to see how they all 

TRM Source Calculation Methodology Source of Savings Estimates

SU 2011 MSEM
Deemed savings per horsepower regardless of building type 

or motor application
Based on simplified pump/fan affinity laws

CA 2011 DEER

Partially deemed algorithm with deemed savings per 

horsepower estimates based on building type, building 

vintage, motor application and climate zone

Based on DOE-2.2 energy simulations

CT 2012 TRM
Partially deemed algorithm with deemed savings per 

horsepower based on building type and motor application
Based on temperature bin analysis spreadsheet

IL 2012 TRM
Partially deemed algorithm with deemed savings factors 

based on building type and motor application

Based on temperature bin analysis spreadsheet per 

2008 CT TRM

NJ 2012 TRM

Partially deemed algorithm with deemed savings factors 

represented as a percentage of baseline consumption based 

on motor application

Based on temperature bin analysis spreadsheet per 

2008 CT TRM

Mid-Atlantic 2011 TRM
Partially deemed algorithm with deemed savings per 

horsepower based on building type and motor application

Based on temperature bin analysis spreadsheet per 

2009 CT TRM

OH 2010 TRM
Partially deemed algorithm with deemed savings per 

horsepower based on building type and motor application

Based on temperature bin analysis spreadsheet per 

2008 CT TRM

PA 2013 TRM
Partially deemed algorithm with deemed savings factors 

based on motor application

Based on temperature bin analysis spreadsheet per 

2012 CT TRM

ME 2010 TRM
Partially deemed algorithm with deemed savings per 

horsepower based on motor application only

Based on National Grid 2001 values averaged from 

previous evaluations of VFD installations

MA 2012 TRM
Partially deemed algorithm with deemed savings per 

horsepower based on building type and motor application
Based on a report for NSTAR

NYSERDA 2010 TRM

Partially deemed algorithm with deemed savings per 

horsepower based on building type, climate, and motor 

application

Based on DOE-2.2 energy simulations

VT 2010 TRM
Partially deemed algorithm with deemed savings per 

horsepower based on motor application only

Based on National Grid 2001 values averaged from 

previous evaluations of VFD installation

Manufacturers' 

Calculators

Simple Excel based calculator with assumed savings per 

horsepower based on fan/pump configuration; requires input 

of assumed annual hours of operation

Based on manufacturer assumptions of annual average 

fan/pump loading and standard fan power curves
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come up with different savings estimates even though they are based on the same source and did not 

make climate adjustments. 

¦ƴŦƻǊǘǳƴŀǘŜƭȅ ƴƻƴŜ ƻŦ ǘƘŜ ¢waΩǎ ǇǊƻǾƛŘŜ ŜǎǘƛƳŀǘŜǎ ƻŦ savings uncertainty, thus it is impossible to 

predict the uncertainty associated with each method. It is likely that there is a large uncertainty 

associated with each method given the methodologies used to estimate savings, none of which are 

based on metered results. 

3.4.1 Southwest Utility  Measure Savings Estimation Methodology 2011 (based on 

pump/fan affinity laws)  

The SU 2011 MSEM (Confidential, 2011) is perhaps the most simplistic savings methodology 

used across the country. This is a utility specific TRM used for implementation and program evaluation 

purposes. Although a more complete algorithm is provided, all factors except motor horsepower are 

deemed resulting in a deemed savings per horsepower value regardless of building type or motor 

application. The dŜŜƳŜŘ ǎŀǾƛƴƎǎ ŦŀŎǘƻǊǎ ŀǊŜ ōŀǎŜŘ ƻƴ ǇǳƳǇκŦŀƴ ŀŦŦƛƴƛǘȅ ƭŀǿǎ ŀǎǎǳƳƛƴƎΥ ƪ² Ғ 

Flowrate^2.5. All other inputs are provided as deemed values except nominal horsepower. 

The algorithms provided to estimate energy and demand savings are as follows: 

Annual Energy Savings4: 

ὠὛὈȟ ȟ  πȢχτφz
ρ

ὉὪὪ
ὒzὊzὉὛὊzὌέόὶίzὌὖ [10] 

Summer Peak Demand Savings: 

ὠὛὈȟ  πȢχτφz
ρ

ὉὪὪ
ὒzὊzὈὛὊzὌὖ [11] 

Where: 

ὠὛὈȟ ȟ  = Annual energy savings 

ὠὛὈȟ  = Summer peak demand savings 

πȢχτφ   = Conversion factor for HP to kWh 

ὉὪὪ  = Installed motor efficiency; deemed based on HP 

ὒὊ   = Load factor; deemed 

                                                           

4
 Actual formula listed in the SU 2011 MSEM for energy savings incorrectly listed DSF instead of ESF. The 

formula listed here has been corrected to provide clarity based on intent of the MSEM. 
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ὉὛὊ  = Energy savings factor (percent); single deemed value based on pump/fan 

ŀŦŦƛƴƛǘȅ ƭŀǿǎ ŀǎǎǳƳƛƴƎΥ ƪ² Ғ CƭƻǿǊŀǘŜϣнΦр 

ὈὛὊ  = Demand savings factor (percent); single deemed value based on pump/fan 

ŀŦŦƛƴƛǘȅ ƭŀǿǎ ŀǎǎǳƳƛƴƎΥ ƪ² Ғ CƭƻǿǊŀǘŜϣнΦр 

Ὄέόὶί = Annual hours of operation; deemed 

Ὄὖ  = Nominal horsepower of controlled motor 

3.4.2 California Database for Energy Efficiency Resources (DEER) 2011  

The California 2011 DEER (California Public Utility Commission, 2011) uses a partially deemed 

algorithm with deemed savings per horsepower estimates based on building type, building vintage, 

motor application and climate zone. Deemed savings factors were developed using DOE-2.2 (James J. 

Hirsch & Associates and Lawrence Berkely National Laboratory) energy simulations for prototypical 

buildings and established measure characterizations. Deemed savings estimates are provided for each 

measure type, building type, vintage and climate zone. (Itron, Inc., JJ Hirsh & Associates, Synergy 

Consulting, and Quantum, Inc., 2005) 

The algorithms provided to estimate energy and demand savings are as follows: 

Annual Energy Savings: 

ЎὯὡὬ  Ὄὖz
ὯὡὬ

Ὄὖ
 [12] 

Summer Peak Demand Savings: 

ЎὯὡ  Ὄὖz
Ὧὡ

Ὄὖ
 [13] 

Annual Gas Savings: 

ЎὸὬὩὶάί Ὄὖz
ὸὬὩὶάί

Ὄὖ
 [14] 

Where: 

ЎὯὡὬ   = Annual energy savings 

ЎὯὡ   = Summer peak demand savings 

ЎὸὬὩὶάί  = Annual fuel savings 

Ὄὖ  = Nominal horsepower of controlled motor 

 = Energy savings factor based on motor application, building type, building 

vintage, and climate zone; deemed 
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  = Summer peak demand savings factor based on motor application, building 

type, building vintage, and climate zone; deemed 

  = Fuel savings factor based on motor application, building type, building vintage, 

and climate zone; deemed 

The CA DEER provides deemed savings factors for VFDs installed in the following applications: 

¶ HVAC supply VAV box with constant volume baseline 

¶ HVAC Supply Fan with baseline VAV fan without VFD (measure assumes baseline forward 

curved fan with discharge dampers) 

¶ HVAC cooling tower fans with baseline two-speed tower fans 

¶ HVAC Pump with constant flow baseline pump for: 

o Hot water loop 

o Chilled water loop 

¶ HVAC Pump with variable flow baseline pump for: 

o Hot water loop 

o Chilled water loop 

The CA DEER provides a value for deemed savings to be used for the above applications in multiple 

climate zones and various vintages for each of the following building types: 

¶ Education - Community College  

¶ Education - Secondary School  

¶ Education ς University 

¶ Health/Medical ς Hospital 

¶ Lodging ς Hotel 

¶ Health/Medical - Nursing Home 

¶ Office ς Large 

¶ Retail - Multistory Large 

¶ Commercial 

¶ SCE Health/Medical Clinic 

¶ SCE Transportation - Communication ς Utilities 
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3.4.3 Connecticut 2012 TRM  (based on temperature bin analysis)  

The CT 2012 TRM (UI and CL&P, 2011) uses a partially deemed algorithm with deemed savings per 

horsepower based on building type and motor application. Deemed savings factors are based on 

ASHRAE 90.1-мфуф ¦ǎŜǊΩǎ aŀƴǳŀƭ ŘŜǊƛǾŜŘ ǳǎƛƴƎ ŀ ǘŜƳǇŜǊŀǘǳǊe bin analysis spreadsheet with typical 

heating, cooling and fan load profiles. 

The algorithms provided to estimate energy and demand savings are as follows: 

Annual Energy Savings: 

ὃὯὡὬ  
ὄὌὖ

ὉὊὊ
Ὄz ὛzὊ  [15] 

Summer Peak Demand Savings: 

ὛὯὡ  
ὄὌὖ

ὉὊὊ
ὛzὊȟ [16] 

Winter Peak Demand Savings: 

ὡὯὡ  
ὄὌὖ

ὉὊὊ
ὛzὊȟ  [17] 

Where: 

ὃὯὡὬ   = Annual energy savings 

ὛὯὡ   = Summer peak demand savings 

ὡὯὡ   = Winter peak demand savings 

ὄὌὖ  = System brake horsepower 

Ὄ  = Annual hours of operation; deemed 

ὉὊὊ  = Installed motor efficiency 

ὛὊ  = Annual kilowatt hour savings factor based on typical load profile for 

application; deemed 

ὛὊȟ  = Summer kW savings factor based on typical peak load of application, includes 

coincident factors within deemed values; deemed 

ὛὊȟ   = Winter kW savings factor based on typical peak load of application, includes 

coincident factors within deemed values; deemed 

The CT TRM provides deemed savings factors for VFDs installed in the following applications5: 

                                                           

5
 The 2012 version of the CT TRM removed the savings factors for constant volume baselines. 
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¶ HVAC Fan with baseline fan type of: 

o AF/BI: Airfoil/backward inclined 

o AF/BI IGV: Airfoil/backward inclined with inlet guide vane 

o FC: Forward curved 

o FC IGV: Forward curved with inlet guide vane 

¶ HVAC Pump with baseline pump type of: 

o CHWP: Chilled water pump 

o HWP: Hot water pump 

The TRM provides deemed annual hours of operation for fan motors, CHWP motors and HWP 

motors for a large number of building types too numerous to list here. It is not clear how the hours of 

operation are derived. 

3.4.4 Illinois 2012 TRM  (based on 2008 CT TRM) 

The IL 2012 TRM (Vermont Energy Investment Corporation, 2012) uses a partially deemed algorithm 

with deemed savings factors based on building type and motor application. Deemed savings factors are 

based on the 2008 CT TRM (CL&P and UI, 2007) which used ASHRAE 90.1-мфуф ¦ǎŜǊΩǎ aŀƴǳŀƭ ǘƻ derive 

the factors using a temperature bin analysis spreadsheet with typical heating, cooling and fan load 

profiles. It is important to note that although the IL TRM protocol is based on the 2008 CT TRM, a few 

modifications were made in the IL TRM protocol. 

First, the 2008 CT TRM uses brake horse power in the equation, but the IL TRM uses nominal 

horsepower with a load factor (LF) adjustment. This should provide similar results. 

Further, the IL TRM does not include a coincidence factor (CF) in the demand savings algorithm. The 

protocol states that the CF is already incorporated into the DSF from the 2008 CT TRM, however, this is 

not entirely clear. It appears in fact that this may not be the case. The 2008 CT TRM provides CF values 

in the appendix as a way to convert measure peak demand savings to system peak demand savings. This 

would affect system peak demand savings calculated using the IL TRM. 

The IL TRM also includes a factor for conversion of HP to kWh. This factor is not used in the 2008 CT 

TRM as it is presumably included in the savings factors directly. Given that the IL TRM did not adjust the 

savings factors to account for this factor it will lead to results which differ from the source document 

and will likely be unreliable as a result. 

Lastly, deemed operating hours in the IL TRM are based on averages by building type from 

simulation modeling, performed for ComEd, of pump and fan motors rather than using the operating 
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hours from the 2008 CT TRM which the savings factors are based on. Because the IL TRM uses different 

hours than what the savings factors are based on, this further leads to questionable savings estimates. 

Given the changes the IL TRM makes to the algorithms and deemed variables as compared to the 

source document, it renders the savings estimates in the IL TRM to be suspect and likely unreliable. 

The algorithms provided to estimate energy and demand savings are as follows: 

Annual Energy Savings: 

ЎὯὡὬ  Ὧὡ ὌzέόὶίὉzὛὊ [18] 

Summer Peak Demand Savings: 

ЎὯὡ  Ὧὡ ὈzὛὊ [19] 

Where: 

Ὧὡ  Ὄὖz πȢχτφz
ὒὊ

–
 [20] 

And: 

ЎὯὡὬ  = Annual energy savings 

ЎὯὡ  = Summer coincident peak demand savings 

Ὧὡ   = kW of equipment calculated using motor efficiency 

Ὄέόὶί  = Annual hours of operation based on building type; deemed 

ὉὛὊ  = Energy savings factor based on motor application; deemed 

ὈὛὊ  = Demand savings factor based on motor application; deemed 

Ὄὖ  = Nominal horsepower of controlled motor 

πȢχτφ   = Conversion factor for HP to kWh 

ὒὊ   = Load factor 

–   = Installed motor efficiency 

The IL TRM provides deemed savings factors for VFDs installed in the following applications: 

¶ HVAC Fan with baseline fan type of: 

o Constant volume 

o Airfoil with inlet guide vane 

o Forward curved with discharge dampers 

o Forward curved with inlet guide vane 

¶ HVAC Pump with baseline pump type of: 

o Chilled water pump 
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o Hot water pump 

The IL TRM provides a value for deemed operating hours to be used for both fan and pump 

applications for each of the following building types: 

¶ College/University 

¶ Grocery 

¶ Heavy Industry 

¶ Hotel/Motel 

¶ Light Industry 

¶ Medical 

¶ Office 

¶ Restaurant 

¶ Retail/Service 

¶ School (K-12) 

¶ Warehouse 

¶ Average/Miscellaneous 

3.4.5 New Jersey 2011 TRM (based on 2008 CT TRM) 

The NJ 2011 TRM (New Jersey Clean Energy Program Protocols, 2011) uses a partially deemed 

algorithm with deemed savings factors represented as a percentage of baseline consumption based on 

motor application. Deemed savings factors are based on a CT TRM which used ASHRAE 90.1-мфуф ¦ǎŜǊΩǎ 

Manual to derive the factors using a temperature bin analysis spreadsheet with typical heating, cooling 

and fan load profiles. It is unclear which year of the CT TRM was used, but it was likely the 2008 CT TRM 

(CL&P and UI, 2007) ŀǎ ǘƘŜ 9{CΩǎ Ŏŀƴ ōŜ ǊŜǇƭƛŎŀǘŜŘ ŦǊƻƳ ǘƘƻǎŜ ǾŜǊǎƛƻƴǎ ŀƴŘ ǘƘŜ bW ¢wa ŘƻŜǎ ƴƻǘ ǇƭŀŎŜ 

HP limits on the protocol similar to the 2008 CT TRM. It is important to note that although the NJ TRM 

protocol is based on the CT TRM, a few modifications were made in the NJ TRM protocol. 

First, the CT TRM uses brake horse power in the equation, but the NJ TRM uses nominal/nameplate 

horsepower with no adjustment to the energy and demand savings factors to account for the difference. 

This results in a different savings estimate. 

Further, the NJ TRM includes a factor for conversion of HP to kWh. This factor is not used in the CT 

TRM, but the NJ TRM does appear to adjust the savings factors to account for this factor and should 

have a similar result. 
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The NJ TRM does not provide default operating hours based on the CT TRM and instead requires 

customer specific inputs for operating hours. As the ESF and DSF factors in the CT TRM are based on 

related operating hours per the modeling used, this adds some questions to the validity of the NJ TRM 

results. 

Finally, the NJ TRM appears to have made an additional adjustment to the DSF values from the CT 

TRM when developing the protocol. It is not possible to replicate the changes and they do not appear to 

be consistent between motor applications. It is likely that this renders the NJ TRM protocol demand 

savings estimates unreliable, or at a minimum very questionable until the purpose and method of the 

adjustments is clarified. 

The algorithms provided to estimate energy and demand savings are as follows: 

Annual Energy Savings: 

ЎὯὡὬ  πȢχτφzὌὖz ὌὙὛz
ὉὛὊ

–
 [21] 

Summer Peak Demand Savings: 

ЎὯὡ  πȢχτφzὌὖz
ὈὛὊ

–
 [22] 

Where: 

ὯὡὬ   = Annual energy savings 

Ὧὡ   = Peak demand savings 

πȢχτφ   = Conversion factor for HP to kWh 

Ὄὖ  = Nominal/nameplate horsepower of controlled motor 

ὌὙὛ = Annual hours of operation based on building type and motor application; 

default not provided 

ὉὛὊ  = Energy savings factor based on motor application; deemed 

ὈὛὊ  = Demand savings factor based on motor application, includes coincident factor 

within the DSF; deemed 

–   = Efficiency of motor at peak load 

3.4.6 Northeast Energy Efficiency Partnerships (NEEP): Mid -Atlantic 2011 TRM  

(based on 2009 CT TRM) 

The Mid-Atlantic 2011 TRM (Vermont Energy Investment Corporation, 2011) uses a partially deemed 

algorithm with deemed savings per horsepower based on building type and motor application. Use of 

the protocol is limited to VFDs installed on motors 10 HP or less, without a VFD control, for the following 
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HVAC applications: supply fans, return fans, exhaust fans, chilled water pumps, and boiler feed-water 

pumps. Deemed savings factors are based on the 2009 CT TRM (UI and CL&P, 2008) which used ASHRAE 

90.1-мфуф ¦ǎŜǊΩǎ aŀƴǳŀƭ ǘƻ derive the factors using a temperature bin analysis spreadsheet with typical 

heating, cooling and fan load profiles. It is important to note that although the Mid-Atlantic TRM 

protocol is based on the 2009 CT TRM, a few modifications were made in the Mid-Atlantic TRM protocol.  

First, tƘŜ нллф /¢ ¢wa ƭƛƳƛǘǎ ǘƘŜ ǇǊƻǘƻŎƻƭΩǎ ŀǇǇƭƛŎŀǘƛƻƴ ǘƻ ±C5ǎ ƛƴǎǘŀƭƭŜŘ ƻƴ ŎƻƴŘŜƴǎŜǊ Ŧŀƴǎ ŀƴŘ 

cooling tower fans less than 7.5 HP, VAV fans less than 15 HP, and chilled water or hot water hydronic 

system pumps up to 50 HP. It is not clear why the Mid-Atlantic TRM differed in its allowed applications 

from the source reference to applications that were not intended by the original protocol. 

Additionally, the 2009 CT TRM uses brake horse power in the equation, but the Mid-Atlantic TRM 

uses nominal horsepower with no adjustment to the energy and demand savings factors to account for 

the difference. This results in a different savings estimate. 

Further, the Mid-Atlantic TRM includes a coincidence factor (CF) in the demand savings algorithm. 

¢ƘŜ нллф /¢ ¢wa ŘƻŜǎ ƴƻǘ ƛƴŎƭǳŘŜ ǘƘŜ /C ǿƛǘƘƛƴ ǘƘŜ 5{CΣ ōǳǘ ƛƴǎǘŜŀŘ ƭƛǎǘǎ ǘƘŜ /CΩǎ ƛƴ ǘƘŜ ŀǇǇŜƴŘƛȄ ŀǎ ŀ 

way to convert measure peak demand savings to system peak demand savings. This is simply a change in 

where the CF is shown within the document, but should not affect system peak demand savings. 

Lastly, the Mid-Atlantic TRM includes a factor for conversion of HP to kWh. This factor is not used in 

the CT TRM, but the Mid-Atlantic TRM did adjust the savings factors to account for this factor and 

should have a similar result. 

The algorithms provided to estimate energy and demand savings are as follows: 

Annual Energy Savings: 

ЎὯὡὬ  
Ὄὖz πȢχτφ

–
ὌzὕὟὙὛzὉὛὊ [23] 

Summer Peak Demand Savings: 

ЎὯὡ  
Ὄὖz πȢχτφ

–
ὈzὛὊzὅὊ [24] 

Where: 

ЎὯὡὬ   = Annual energy savings 

ЎὯὡ   = Summer peak demand savings 

Ὄὖ  = Nominal horsepower of controlled motor 

πȢχτφ   = Conversion factor for HP to kWh 

–   = Efficiency of baseline motor 
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Ὄέόὶί = Annual hours of operation based on building type and motor application; 

deemed 

ὉὛὊ  = Energy savings factor based on motor application; deemed 

ὈὛὊ  = Demand savings factor based on motor application, does not include 

coincident demand factor; deemed 

ὅὊ  = Summer peak coincidence factor; deemed by motor application  

The Mid-Atlantic TRM provides deemed savings factors for VFDs installed in the following 

applications: 

¶ HVAC Fan with baseline fan type of: 

o Constant Volume 

o AF/BI: Airfoil/backward inclined 

o AF/BI IGV: Airfoil/backward inclined with inlet guide vane 

o FC: Forward curved 

o FC IGV: Forward curved with inlet guide vane 

¶ HVAC Pump with baseline pump type of: 

o CHWP: Chilled water pump 

o HWP: Hot water pump 

The TRM provides deemed annual hours of operation for fan motors, chilled water pump motors 

and hot water pump motors for a large number of building types too numerous to list here. 

3.4.7 Ohio Draft 2010 TRM  (based on 2008 CT TRM) 

The draft Ohio 2010 TRM (Vermont Energy Investment Corporation, 2010) uses a partially deemed 

algorithm with deemed savings per horsepower based on building type and motor application. Deemed 

savings factors are based on the 2008 CT TRM (CL&P and UI, 2007) which used ASHRAE 90.1-мфуф ¦ǎŜǊΩǎ 

Manual to derive the factors using a temperature bin analysis spreadsheet with typical heating, cooling 

and fan load profiles. It is important to note that although the IL TRM protocol is based on the 2008 CT 

TRM, a few modifications were made in the IL TRM protocol. 

The primary difference is that in the Ohio TRM deemed operating hours are based on averages of 

hours from all building types in the CT TRM by motor application, rather than using the operating hours 

by building type and motor application from the 2008 CT TRM which the savings factors are based on. By 
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averaging the operating hours across all building types, the Ohio TRM will yield less reliable savings 

estimates for each project. It is possible that due to differences in participation, this will also result in 

less reliable savings for the program as a whole.  

Further, the Ohio TRM does not include a coincidence factor (CF) in the demand savings algorithm. 

The protocol states that the CF is already incorporated into the DSF from the 2008 CT TRM, however, 

this is not entirely clear in the CT TRM. It appears in fact that this may not be the case. The 2008 CT TRM 

provides CF values in the appendix as a way to convert measure peak demand savings to system peak 

demand savings. LŦ ǘƘŜ /¢ ¢wa ŘƻŜǎƴΩǘ ƛƴŎƭǳŘŜ ŀ /C ƛƴ ǘƘŜ 5{CΣ ǘhis would affect system peak demand 

savings calculated using the Ohio TRM.  

Given the changes the Ohio TRM makes to the algorithms and deemed variables as compared to the 

source document, it renders the savings estimates in the Ohio TRM to be slightly suspect. The changes 

are minor and may not have a significant impact, but should be understood. 

The algorithms provided to estimate energy and demand savings are as follows: 

Annual Energy Savings: 

ЎὯὡὬ  
ὄὌὖ

–
ὌzὕὟὙὛzὉὛὊ [25] 

Summer Peak Demand Savings: 

ЎὯὡ  
ὄὌὖ

–
ὈzὛὊ [26] 

Where: 

ɝὯὡὬ   = Annual energy savings 

ɝὯὡ   = Summer coincident peak demand savings 

ὄὌὖ  = System brake horsepower 

–   = Installed motor efficiency 

ὌOURS  = Annual hours of operation; deemed based on motor application 

ὉὛὊ  = Energy savings factor based on motor application; deemed 

ὈὛὊ  = Demand savings factor based on motor application, includes coincident 

demand factor; deemed 

The Ohio TRM provides deemed savings factors for VFDs installed in the following applications: 

¶ HVAC Fan with baseline fan type of: 

o Constant volume 
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o Airfoil/backward inclined 

o Airfoil with inlet guide vane 

o Forward curved 

o Forward curved with inlet guide vane 

¶ HVAC Pump with baseline pump type of: 

o Chilled water pump 

o Hot water pump 

The Ohio TRM provides a single deemed operating hour value for each of the following: 

¶ Fans 

¶ Hot water pump 

¶ Chilled water pump 

3.4.8 Pennsylvania 2013 TRM  (based on 2012 CT TRM) 

The PA 2013 TRM (Pennsylvania Public Utility Commission, 2013) uses a partially deemed algorithm 

with deemed savings factors based on motor application. Use of the protocol is limited to VFDs installed 

on without a VFD control, for the following HVAC applications: HVAC fans, chilled water pumps, and hot 

water pumps. Deemed savings factors are based on the 2012 CT TRM (UI and CL&P, 2011) which used 

ASHRAE 90.1-мфуф ¦ǎŜǊΩǎ aŀƴǳŀƭ ǘƻ ŘŜǊƛǾŜ ǘƘŜ ŦŀŎǘƻǊǎ ǳǎƛƴƎ ŀ ǘŜƳǇŜǊŀǘǳǊŜ ōƛƴ ŀƴŀƭȅǎƛǎ ǎǇǊŜŀŘǎƘŜŜǘ 

with typical heating, cooling and fan load profiles. It is important to note that although the PA TRM 

protocol is based on the 2012 CT TRM, a few modifications were made in the PA TRM protocol. 

First, the 2012 CT TRM uses brake horse power in the equation, but the PA TRM uses nominal 

horsepower with a load factor (LF) adjustment. This should provide similar results. 

Additionally, the PA TRM also includes a factor for conversion of HP to kWh. This factor is not used 

in the 2012 CT TRM as it is presumably included in the savings factors directly. Given that the PA TRM 

did not adjust the savings factors to account for this factor it will lead to results which differ from the 

source document and will likely be unreliable as a result. 

Further, the PA TRM includes a CF in the demand savings algorithm. The 2012 CT TRM does not 

include a separate CF, but instead appears to have included the CF within the DSF itself, thus directly 

calculating coincident peak demand savings. This difference may double count the affects of the CF in 

the PA TRM, thus lowering savings estimates. 
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The combined effect of these modifications the PA TRM makes to the algorithms and deemed 

variables as compared to the source document, it renders the savings estimates in the IL TRM to be 

suspect and likely unreliable. 

The algorithms provided to estimate energy and demand savings are as follows: 

Annual Energy Savings: 

ЎὯὡὬ  πȢχτφzὌὖz
ὒὊ

–
ὙzὌὙὛ ὉzὛὊ [27] 

Summer Peak Demand Savings: 

ЎὯὡ  πȢχτφzὌὖz
ὒὊ

–
ὅzὊzὈὛὊ [28] 

Where: 

ЎὯὡὬ   = Annual energy savings 

ЎὯὡ   = Summer coincident peak demand savings 

πȢχτφ   = Conversion factor for HP to kWh 

Ὄὖ  = Nominal horsepower of controlled motor 

ὒὊ  = Load factor; ratio between the actual load and rated load 

–   = Efficiency of motor at full-rated load 

ὙὌὙὛ  = Annual hours of operation based on building type and motor application; 

deemed 

ὉὛὊ  = Energy savings factor based on motor application; deemed 

ὈὛὊ  = Demand savings factor based on motor application, does not include 

coincident demand factor; deemed 

ὅὊ  = Summer peak coincidence factor; deemed by motor application  

The PA TRM provides deemed savings factors for VFDs installed in the following applications: 

¶ HVAC Fan with baseline fan type of: 

o Constant Volume 

o Airfoil/backward inclined 

o Airfoil/backward inclined with inlet guide vane 

o Forward curved 

o Forward curved with inlet guide vane 

¶ HVAC Pump with baseline pump type of: 
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o Chilled water pump 

o Hot water pump 

The TRM provides deemed annual hours of operation for fan motors, chilled water pump motors 

and hot water pump motors for a large number of building types too numerous to list here. 

3.4.9 Maine 2010 TRM (based on National Grid 2001 study , same as VT 2010 TRM) 

The ME 2010 TRM (Efficiency Maine, 2010) uses a partially deemed algorithm with deemed savings 

per horsepower based on motor application only. Deemed savings factors are based on National Grid 

2001 values averaged from previous evaluations of VFD installations, but the National Grid source 

document is publically unavailable and the details of the evaluation methods used to determine savings 

are unknown. It is not clear how the savings factors were derived.  

Use of the following algorithms is limited to VFDs installed on motors 5 HP through 30 HP, on HVAC 

supply, return and exhaust fans, chilled water pumps, and heating hot water circulation pumps, with 

baseline control system that is no-control or bypass. All other control systems such as on/off, inlet 

vanes, dampers, throttling valves, Eddy current, magnetic coupling, etc. must use a custom calculation. 

The ME 2010 TRM also provides a more robust algorithm to use with VFDs installed on HVAC supply, 

return and exhaust fans, chilled water pumps, and boiler feed water pumps (5 HP to 30 HP) with 

baseline conditions including no control, inlet guide vanes, outlet guide vanes, and throttling valves. 

However, the algorithm requires custom inputs for all variables and is therefore not provided here as a 

prescriptive protocol. 

The algorithms provided to estimate energy and demand savings are as follows: 

Annual Energy Savings: 

ЎὯὡὬ  ὉὛὠὋzὌὖz ὅὢὛ [29] 

Summer Peak Demand Savings: 

ЎὯὡ  ὈὛὠὋzὌὖz ὅὢὛ [30] 

Where: 

ЎὯὡὬ   = Annual energy savings 

ЎὯὡ   = Maximum of either summer or winter peak demand savings 

ὉὛὠὋ = Energy savings factor (kWh/HP) based on motor application; deemed 

ὈὛὠὋ  = Winter peak demand savings factor (kW/HP) based on motor application 

except summer peak demand savings factor for chilled water pumps; deemed 

Ὄὖ  = Nominal horsepower of controlled motor 
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ὅὢὛ = Commissioning factor. CXS = 1.10 when the project undergoes commissioning 

services, 1.0 otherwise. 

The MA TRM provides deemed savings factors for VFDs installed in the following applications: 

¶ Supply Fan 

¶ Return Fan 

¶ Exhaust Fan 

¶ Chilled Water Pump 

¶ Heating Hot Water Circulating Pump 

3.4.10 Massachusetts 2012 TRM (based on 2010 NSTAR study)  

The Massachusetts 2012 TRM (Mass Save, 2012) uses a partially deemed algorithm with deemed 

savings per horsepower based on building type and motor application. Deemed savings factors are 

based on a report for NSTAR, but the report is not publically available and the details of the report are 

unknown. It is not clear how the savings factors were derived.  

The algorithms provided to estimate energy and demand savings are as follows: 

Annual Energy Savings: 

ЎὯὡὬ  Ὄὖᶻ
ρ

–
ᶻ
ὯὡὬ

Ὄὖ
 [31] 

Summer Peak Demand Savings: 

ЎὯὡ  Ὄὖᶻ
ρ

–
ᶻ
Ὧὡ

Ὄὖ
 [32] 

Where: 

ЎὯὡὬ   = Annual energy savings 

ЎὯὡ   = Summer peak demand savings 

Ὄὖ  = Nominal horsepower of controlled motor 

–   = Nameplate motor efficiency 

 = Energy savings factor based on motor application and building type; deemed 

  = Summer peak demand savings factor based on motor application and building 

type; deemed 

The MA TRM provides deemed savings factors for VFDs installed in the following applications: 
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¶ Building Exhaust Fan 

¶ Cooling Tower Fan 

¶ Chilled Water Pump 

¶ Boiler Feed Water Pump 

¶ Hot Water Circulating Pump 

¶ MAF ς Make-up Air Fan 

¶ Return Fan 

¶ Supply Fan 

¶ WS Heat Pump Circulating Loop 

And for the following building types: 

¶ University/College 

¶ Elementary/High School 

¶ Multi-Family 

¶ Hotel/Motel 

¶ Health 

¶ Warehouse 

¶ Restaurant 

¶ Retail 

¶ Grocery 

¶ Offices 

3.4.11 New York 2010 TRM (based on DOE-2.2 simulation modeling)  

The NY 2010 TRM (New York Evaluation Advisory Contractor Team and TecMarket Works, 2010) 

uses a partially deemed algorithm with deemed savings per horsepower based on building type, climate, 

and motor application. Deemed savings factors were developed using DOE-2.2 energy simulations and 

prototypical buildings with three different built-up systems. Results were then averaged together for the 

final factors. 

The algorithms provided to estimate energy and demand savings are as follows: 

Annual Energy Savings: 

ЎὯὡὬ  Ὄὖz
ɝὯὡὬ

Ὄὖ
 [33] 
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Summer Peak Demand Savings: 

ЎὯὡ  Ὄὖz
ɝὯὡ

Ὄὖ
ὅzὊ [34] 

Where: 

ЎὯὡὬ   = Annual energy savings 

ЎὯὡ   = Summer peak demand savings 

Ὄὖ  = Nominal horsepower of controlled motor 

 = Energy savings factor based on climate, building type and motor application; 

deemed 

  = Summer peak demand savings factor based on climate, building type and 

motor application; deemed 

ὅὊ  = Coincidence factor 

The NY TRM provides deemed savings factors for VFDs installed in the following applications: 

¶ Chilled Water Pump 

¶ Hot Water Pump 

¶ Cooling Tower Fan 

¶ Return Fan 

¶ Supply Fan 

¶ Condenser water pump 

And for the following building types: 

¶ Hotel 

¶ Office 

¶ Hospital 

¶ Community college 

¶ High school 

¶ Large retail 

¶ Dormitory 

¶ University 
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The protocol also provides energy and demand savings factors supplied by National Grid based on 

data developed by NSTAR for the Massachusetts TRM and trued up by National Grid based on NSTAR 

data. The details of the works by NSTAR and National Grid are publically unavailable. The savings factors 

provided based on NSTAR data cover the following motor applications: 

¶ Exhaust fan 

¶ Cooling tower fan 

¶ Chilled water pump 

¶ Boiler feed-water pump 

¶ Hot water pump 

¶ Make-up air fan 

¶ Return fan 

¶ Supply fan 

¶ Water loop heat pump circulating pump 

The savings factors provided based on NSTAR data cover the following building types: 

¶ University/College 

¶ Elementary/High School 

¶ Multi-Family 

¶ Hotel/Motel 

¶ Health 

¶ Warehouse 

¶ Restaurant 

¶ Retail 

¶ Grocery 

¶ Offices 

3.4.12 Vermont 2010 TRM (based on National Grid 2001 study , same as ME 2010 

TRM) 

The VT 2010 TRM (Efficiency Vermont, 2010) uses a partially deemed algorithm with deemed 

savings per horsepower based on motor application only. Deemed savings factors are based on National 

Grid 2001 values averaged from previous evaluations of VFD installations, but the National Grid source 
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document is publically unavailable and the details of the evaluation methods used to determine savings 

are unknown. It is not clear how the savings factors were derived.  

Use of the following algorithms is limited to VFDs installed on motors less than 10 HP, on HVAC 

supply, return and exhaust fans, chilled water pumps, and boiler feed-water pumps, with baseline 

control system that is no-control, inlet guide vanes, outlet guide vanes, and throttling valves. 

The algorithms provided to estimate energy and demand savings are as follows: 

Annual Energy Savings: 

ЎὯὡὬ  ὉὛὠὋzὌὖz ὅὢὛ [35] 

Summer Peak Demand Savings: 

ЎὯὡ  ὈὛὠὋzὌὖz ὅὢὛ [36] 

Where: 

ЎὯὡὬ   = Annual energy savings 

ЎὯὡ   = Maximum of either summer or winter peak demand savings 

ὉὛὠὋ = Energy savings factor (kWh/HP) based on motor application; deemed 

ὈὛὠὋ  = Winter peak demand savings factor (kW/HP) based on motor application 

except summer peak demand savings factor for chilled water pumps; deemed 

Ὄὖ  = Nominal horsepower of controlled motor 

ὅὢὛ = Commissioning factor. CXS = 1.10 when the project undergoes commissioning 

services, 1.0 otherwise. 

The VT TRM provides deemed savings factors for VFDs installed in the following applications: 

¶ Supply Fan 

¶ Return Fan 

¶ Exhaust Fan 

¶ Chilled Water Pump 

¶ Heating Hot Water Circulating Pump 

3.4.13 -ÁÎÕÆÁÃÔÕÒÅÒÓȭ #ÁÌÃÕÌÁÔÏÒÓ 

Several VFD manufacturers publish simple Excel based spreadsheet calculators to estimate energy 

savings from installing a VFD on HVAC applications. They are similar to DOE based calculators and 

generally use a simple partially deemed algorithm with a deemed power savings ratio based on baseline 

and retrofit flow control method. The basis of the assumptions is found in the ASHRAE Handbook, HVAC 
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Applications Volume. The calculator is intended to provide conservative estimates, but in some cases 

may overestimate savings. 

The algorithm provided to estimate energy savings is as follows: 

Annual Energy Savings: 

ЎὯὡὬ  πȢχτφzὌὖz ὖὙ ὖὙ ὙzὌὙὛ  [37] 

Where: 

ЎὯὡὬ   = Annual energy savings 

πȢχτφ   = Conversion factor for HP to kWh 

Ὄὖ  = Nominal horsepower of controlled motor 

ὖὙ  = Motor Power Ratio based on flow control method of baseline motor (assumed 

at 60% of maximum flow for fans and 70% maximum flow for pumps) 

ὖὙ  = Motor Power Ratio based on flow control with a VFD installed (assumed at 

60% of maximum flow for fans and 70% maximum flow for pumps) 

ὙὌὙὛ  = Annual hours of operation based on building type and motor application; 

input required 

The calculators generally provide Motor Power Ratios for the following flow control methods: 

¶ HVAC Fans: 

o Bypass Damper 

o Fan Curve (VAV riding the fan curve) 

o Outlet Damper 

o Inlet Guide Vane 

o Variable Frequency Drive 

¶ HVAC Pumps: 

o No Control 

o Bypass Valve 

o Discharge Valve 

o Variable Frequency Drive 
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Chapter 4 

4 Case Studies and Savings Estimation Methods  

Several case studies with verified savings were identified in order to compare the various TRM 

estimation methodologies and computer simulation modeling methods. 

4.1 Selection of Case Studies 

To review the reliability of the various TRM savings protocols, the plan was to have several case 

studies from different jurisdictions with verified savings based on pre- and post-installation metering 

data to compare. Given that incentives have been offered for VFDs installed on HVAC systems for 

several years in many jurisdictions it was believed that it would be easy to find many case studies that 

had been verified using metered results. For a variety of reasons this was not the case. 

Many commercial and industrial programs offer a variety of measure types within one program, 

therefore evaluation samples rarely produce statistically valid findings for any one measure type. This 

means that for a large program the sampled VFD projects may only be a handful per year, if any at all. 

Further, because many of the evaluations in jurisdictions that use a TRM only verify that project savings 

estimates correctly followed the TRM, metered results are few and far between. In fact, most of the VFD 

projects that were verified using metering were custom projects, and because the TRM protocols did 

not apply these project results are generally not useful for this study. 

Because a study like this needs to be able to compare apples to apples as much as possible, it was 

decided to focus on retrofits of existing office building HVAC fans, as these have the largest overall 

program potential of the primary building types in the country. This further limited the pool of available 

case studies to only retrofits of office building HVAC fans, with verified savings that did not use a TRM 

for the verification.  

Although it was originally desired to have case studies with verified savings based on pre- and post-

installation metering, this was shown to be unfeasible. It is very rare for project owners, program 

implementation contractors, or evaluators to meter post-installation conditions. It is rarer still to meter 

pre-installation conditions. Narrowing the study down further to office building HVAC fan projects 

proved impossible to find any case studies with both pre- and post-installation metering. It was even 

difficult to find case studies with significant post-installation metering. Because of these challenges it 

was determined that the study would need to be opened up to case studies that were verified with 

metering, billing analysis, or using a detailed bin analysis. 
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An exhaustive internet search was performed on both general public websites and in scholarly 

journals, periodicals, and research papers which only produced a small handful of potential case studies. 

Of the potential case studies found, none provided enough detail necessary to be able to apply the 

various TRM protocols to estimate savings, nor to compare to energy models. 

Next, several manufacturers of VFDs were contacted to see if they had any metered case studies 

that may be used for the study. Only two manufacturers responded; both sent several one or two sheet 

summaries of case studies they use for marketing purposes. Unfortunately, all of the studies were 

ǎŜǾŜǊŀƭ ȅŜŀǊǎ ƻƭŘΣ ǎƻƳŜ ŘŀǘƛƴƎ ōŀŎƪ ǘƻ ǘƘŜ ƭŀǘŜ мффлΩǎΣ ŀƴŘ ǘƘŜ ōŀŎƪƎǊƻǳƴŘ Řŀǘŀ ǿŀǎ ƴƻ ƭƻƴƎŜǊ ŀǾŀƛƭŀōƭŜΦ 

It was determined that only one of these studies could be used because it provided the list of motors 

retrofitted with VFDs, their horsepower and building type. 

The author also contacted several program evaluation firms to see if they had any potential case 

studies. Mr. Del Balso works for Navigant as an independent program evaluator, and therefore was able 

to contact several internal staff as well as staff from multiple competitor firms. Unfortunately this 

proved to be less fruitful than anticipated. After looking through several years worth of internally 

available sampled projects, a few projects were identified as possible case studies. The list was 

narrowed down to seven case studies which were worth attempting to estimate savings using all the 

available TRM protocols. One case study proved not useful as it did not fit in the limited applications 

each TRM has, leaving six usable case studies from evaluations and one case study from manufacturers, 

for a total of seven usable case studies.  

Table 3 summarizes the usable seven case studies.
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Case Study 

Number Source Type Building Type Building LocationVSD Installationsa Baseline System Type Retrofit System Type Verification Type

1 Manufacturer

County government 

Courthouse/Office 

building

Southeastern US 

county (Assumed 

Atlanta, GA for 

analysis)

VFD's installed on HVAC AHU 

fans
AHU VAV fans w/ IGVs

AHU VAV fans w/VFDs, 

IGVs locked open

Side by side comparison of two 

identical floors with baseline and 

retrofit; Metered and logged data 

extrapolated to annual

2

Utility Incentive 

Program 

Evaluation

Large Office 

Building
Philadelphia, PA

VFD's installed on HVAC 

supply and return fans
VAV fans w/ IGVs

VAV fans w/VFDs, IGVs 

locked open

Spot metered and logged data 

extrapolated to annual using bin 

analysis and fan curves

3

Utility Incentive 

Program 

Evaluation

Large Office 

Building
Philadelphia, PA

VSDs installed on HVAC AHU 

supply and return fans, fresh 

air fans, cooling tower fans, 

hot water loop pumps, and 

cold water loop pumps

VAV fresh air VAV fans w/ 

IGVs

VAV Fresh air fans with 

VFDs

Metered and logged data extrapolated 

to annual (only the fresh air fan motors 

were included comparison)

4

Utility Incentive 

Program 

Evaluation

Large Office 

Building
Philadelphia, PA

VSDs installed on HVAC 

supply and return fans, 

condenser water pumps and a 

cooling tower fan

VAV AF/BI supply fans w/ 

outlet dampers, and AF/BI 

return fans w/ outlet 

dampers

VAV supply fan w/ VFD, 

and return fans w/ VFD

EMS trend data extrapolated to annual 

using bin analysis (only supply and 

return fans were included in analysis)

5

Utility Incentive 

Program 

Evaluation

Large Mall Philadelphia, PA
VFDs installed on existing RTU 

supply fans

VAV AF/BI RTUs w/ IGV 

serving retail space, CV 

RTUs serving common 

space

VAV RTUs w/ VFDs serving 

retail space, and VAV RTUs 

w/ VFDs serving common 

space

EMS trend data extrapolated to annual 

using bin analysis

6

Utility Incentive 

Program 

Evaluation

Medium Office 

Building
Chicago, IL

VFDs installed on RTU supply 

fans

VAV RTU supply fans w/ 

IGVs

VAV RTU supply fans w/ 

VFDs

Metered and logging data extrapolated 

to annual

7

Utility Incentive 

Program 

Evaluation

Medium Office 

Building
Chicago, IL

VFDs installed on HVAC 

supply fans

VAV supply fans w/ outlet 

dampers
VAV supply fans w/ VFDs

Metered and logged data extrapolated 

to annual

a For all cases where fan type is unknown, Air Foil/Backward Inclined fan is assumed.

 

Table 3. Case Study Summary 

  



 

  P a g e | 55 

Because most of the case studies did not provide all the details necessary to apply the various 

¢waΩǎΣ ǎŜǾŜǊŀƭ ŀǎǎǳƳǇǘƛƻƴǎ ƴŜŜŘŜŘ ǘƻ ōŜ ƳŀŘŜΦ ¢Ƙƛǎ ƛǎ ƴƻǘ ŀǘȅǇƛŎŀƭ ŦƻǊ ǳǎŜ ƻŦ ¢wa ǇǊƻǘƻŎƻƭǎΣ ƻǊ ŦƻǊ 

evaluation activities, as it is common that many project details are unavailable to the implementation 

contractor and evaluator. This does indicate some of the limitations of program implementation and 

evaluation, however. The following assumptions were used when case study specific data was 

unavailable. 

¶ Motors: 

o EPact efficiency for given nominal motor HP 

o ODP motor assumed with 4 poles (1800 RPM) 

¶ Fan Type: 

o Centrifugal fan 

o BI/AF blades for VAV systems 

¶ Run Hours: 

o For all cases, run hours were assumed based on building type and/or fan application 

ǘȅǇŜ ǇŜǊ ǘƘŜ /¢ ¢wa ǘŀōƭŜ ƻŦ I±!/ IƻǳǊǎ ƻŦ ¦ǎŜΦ CƻǊ ¢waΩǎ ǿƛǘƘ ǘƘŜƛǊ ƻǿƴ ǘŀōƭŜǎΣ 

hours from those were used instead. In a few case studies where actual project 

specific run hours were determined through metered or logged data, the actual 

hours were not used in the TRM analyses because the goal of the project is to 

compare savings estimates using simplified TRM protocols without metering to 

verified savings. In such cases, metered/logged run hours will not typically be 

available at the time the TRM is used to estimate savings. 

4.2 Estimating Savings Using Technical Reference Manual s 

The 13 TRM/simple savings methodologies were used to estimate savings for each of the seven case 

studies and compared to the verified savings estimates. The results are summarized with each case 

study. 

4.2.1 TRM Limitations  

{ŜǾŜǊŀƭ ƻŦ ǘƘŜ ¢waǎ ƘŀǾŜ ƭƛƳƛǘŀǘƛƻƴǎ ǿƘƛŎƘ ƭƛƳƛǘ ǘƘŜ ǇǊƻǘƻŎƻƭǎΩ ŀǇǇlication to certain conditions. 

There was no clear justification for why the limitations were placed in any of the TRM protocols, and for 

a few TRMs the limitations appear to be arbitrary. In some instances where the case study was outside 

the TRM limitations the protocols were used to estimate savings anyway to see how the methodology 
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would compare to the other protocols if the limitations were not in place. The following notes apply to 

the superscripts in each summary table. 

a. The 2011 Mid-Atlantic TRM limits the protocol to VSDs installed on motors 10 HP or less for 

HVAC supply fans, return fans, exhaust fans, chilled water pumps, and boiler feed-water pumps. 

Case studies labeled with this note are technically not eligible to use the Mid-Atlantic TRM, 

however, the protocol was applied anyway for comparison only as the original source document 

does not place similar restrictions on the savings factors. 

b. The ME 2010 TRM is limited to VFDs installed on motors 5 HP through 30 HP, on HVAC supply, 

return and exhaust fans, chilled water pumps, and heating hot water circulation pumps, with 

baseline control system that is no-control or bypass. All other control systems such as on/off, 

inlet vanes, dampers, throttling valves, Eddy current, magnetic coupling, etc. must use a custom 

calculation. Case studies labeled with this note are technically not eligible to use the ME TRM, 

however, the protocol was applied anyway for comparison purposes only. 

c. The VT 2010 TRM is limited to VFDs installed on motors less than 10 HP, on HVAC supply, return 

and exhaust fans, chilled water pumps, and boiler feed-water pumps, with baseline control 

system that is no-control, inlet guide vanes, outlet guide vanes, and throttling valves. Case 

studies labeled with this note are technically not eligible to use the VT TRM, however, the 

protocol was applied anyway for comparison purposes only. 

4.2.2 TRM Demand Savings Estimates 

!ƭǘƘƻǳƎƘ ŀƭƭ ǘƘŜ ¢waΩǎ offer an estimate of peak demand savings, it is not worthwhile to analyze the 

differences between the estimates as the demand savings depends entirely on the defined peak 

demand period which differs significantly between many of the TRMs. To properly estimate peak 

demand savings for a given project an hourly load profile and seasonal average load profile are 

necessary in addition to a defined peak period. As these differ from jurisdiction to jurisdiction an apples 

to apples comparison cannot be made. 

The demand savings estimates are shown for each case study for informational purposes only to 

show the diversity of demand predictions. No further analysis was done beyond this. 

4.3 Estimating Savings Using EnergyPlus Modeling  

A goal of this project was to compare energy savings estimates from EnergyPlus simulations for the 

various case studies to the verified savings and the TRM estimated savings. These results will be used to 
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determine if simplified prototypical computer simulation models will be better predictors of energy 

savings than the TRM based estimates.  

The /! 599w ŀƴŘ b¸ ¢waΩǎ essentially use energy modeling results as a basis for the TRM savings 

estimation protocol. It is not clear whether these savings estimates based on energy modeling results 

are more reliable than an algorithm based approach. 

Because the case studies used for this study are in different cities than the CA DEER and NY TRM 

models are based on, it is important to develop savings estimates by running the models with weather 

files from the case study specific cities. This study will be a bit more project specific as well because the 

models will be run with simulations of the actual baseline system type to the retrofit system type and 

control type without averaging multiple types together such as the CA DEER does. 

4.3.1 DOE EnergyPlus Commercial Building Prototypes  

The energy simulation models for each case study are based on the U.S. Department of Energy 

Commercial Reference Building prototypical models (U.S. Department of Energy (DOE), 2012). There are 

16 different building types that are available, and each is available with construction based on either 

άbŜǿ /ƻƴǎǘǊǳŎǘƛƻƴέΣ ά9ȄƛǎǘƛƴƎ ōǳƛƭŘƛƴƎǎ ŎƻƴǎǘǊǳŎǘŜŘ ƛƴ ƻǊ ŀŦǘŜǊ мфул όάǇƻǎǘ-мфулέύέΣ ƻǊ ά9ȄƛǎǘƛƴƎ 

buildings construcǘŜŘ ōŜŦƻǊŜ мфул όάǇǊŜ-мфулέύέΦ All prototypical models are pre-programmed using 16 

different climate zones, although each model can be run in any climate zone with available EnergyPlus 

weather data. 

CƻǊ ǘƘƛǎ ǎǘǳŘȅΣ ǘƘŜ ά[ŀǊƎŜ hŦŦƛŎŜέ ŀƴŘ άaŜŘƛǳƳ hŦŦƛŎŜέ ōǳilding prototypes were used to estimate 

ǎŀǾƛƴƎǎ ŦƻǊ ŎŀǎŜ ǎǘǳŘƛŜǎ мΣ нΣ оΣ пΣ сΣ ŀƴŘ тΦ CƻǊ ŎŀǎŜ ǎǘǳŘȅ рΣ ǿƘƛŎƘ ǿŀǎ ŀ ƭŀǊƎŜ ƳŀƭƭΣ ǘƘŜ ά{ǘŀƴŘ-alone 

wŜǘŀƛƭέ ǇǊƻǘƻǘȅǇŜ ǿŀǎ ǳǎŜŘ ŀǎ ǘƘŜ ōŜǎǘ ŀǾŀƛƭŀōƭŜ ŦƛǘΦ Lǘ ƛǎ ǊŜŎƻƎƴƛȊŜŘ ǘƘŀǘ ǘƘƛǎ ƛǎ ƴƻǘ ŀ ƎǊŜŀǘ 

representation of a large mall, however, it is a common occurrence in energy efficiency programs for a 

non-conforming building to apply for incentives. This is a good test to see if a prototypical model can be 

used to estimate savings for a non-conforming building. It may be that it is more appropriate to assign 

non-conforming buildings to a custom measure with custom energy calculations/modeling performed, 

rather than to use prescriptive methodologies. 

Because the case study files did not include any indication of building age, it is assumed that all 

buildings were built post-1980 for the energy modeling. Therefore, all case studies utilized the post-

1980 prototypes as the starting point. Models were simulated using Typical Meteorological Year 3 

(TMY3) weather data for the specific city of each case study.  
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The results of the prototype simulations were used to determine energy savings per motor 

horsepower (kWh/hp). The resulting savings estimate was then used to estimate savings for the actual 

case study based on the total retrofitted motor horsepower. 

4.3.2 EnergyPlus Modeling of HVAC Systems 

The Medium Office and Large Office building prototypes both were initially designed as using single 

duct VAV systems with VFDs installed on the fans. The default fan part load curve was based on an LBNL 

generic curve for VFDs (Curve no. 12), however, as discussed in the sections above, this likely 

overestimates savings as it does not fully account for system back pressure. The default fan curve for 

VFDs will be replaced with the CA Title 24 VFD fan curve (Curve no. 11) using the coefficients shown in 

Table 1 above and duplicated in Table 4 below. To model the baseline condition the most appropriate 

fan curve from the table will be used for each case study. 

Table 4. Fan Part Load Ratio Regression Coefficients. (Bonneville Power Administration), (Ernest Orlando Lawrence 

Berkeley National Laboratory (LBNL), 2013), (Wray & Matson, 2003). (Duplicate of Table 1) 

Curve 

No. Fan Control Type 

Regression Coefficient 

a b c d 

1 Discharge Dampers (LBNL) 0.37073425 0.97250253 -0.34240761 0 

2 
Outlet Damper, BI & Airfoil Fans 

(BPA) 
0.5592857 -0.56905 2.462 -1.4 

3 Inlet Damper Box (BPA) 0.5025833 0.71648 -1.452 1.3 

4 
Inlet Guide Vane, BI & Airfoil 

Fans (BPA) 
0.472619 0.67944 -1.554 1.4 

5 Inlet Vane Dampers (LBNL) 0.35071223 0.30850535 -0.54137364 0.87198823 

6 Outlet Damper, FC Fans (BPA) 0.2041905 0.10983 0.745 0 

7 Eddy Current Drives (BPA) 0.1639683 -0.05647 1.237 -0.3 

8 Inlet Guide Vane, FC Fans (BPA) 0.2 0.06808 -0.128 0.9 

9 VFD (LBNL) 0.001530245 0.005208057 1.1086242 -0.11635563 

10 VFD (BPA) 0.059 -0.19567 0.766 0.4 

11 
VFD (CA Title 24) (Wray & 

Matson) 
0.1021 -0.1177 0.2647 0.76 

12 E+ Prototype VAV w/ VFD (LBNL) 0.040759894 0.08804497 -0.07292612 0.943739823 
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The Medium Office building prototype uses packaged rooftop air conditioners for cooling and a gas 

furnace in the packaged rooftop unit for heating. The VAV terminal boxes have electric resistance reheat 

and dampers. 

The Large Office building prototype uses two water-cooled centrifugal chillers with an open cooling 

tower for cooling and a gas boiler for heating. The VAV terminal boxes have hot-water coil reheat and 

dampers. 

The Stand-alone Retail building prototype was initially designed as a Constant Volume (CV) system 

with four packaged rooftop units with air conditioners for cooling and a gas furnace in the packaged 

rooftop unit for heating. To estimate savings for the Large Mall case study, the HVAC system type was 

converted to a VAV system. The packaged rooftop units were maintained, however. 
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Chapter 5 

5 Case Study Details and Savings Estimates 

The following sections describe the details of each case study and the results from applying each 

TRM methodology, and the EnergyPlus modeling. Case study numbering was in order of convenience 

only. 

5.1 Case Study 1 

Case study number 1 was provided by Yaskawa, a VFD manufacturer, as part of their marketing 

materials. The project was a test project to show proof to a southeastern US county government that 

retrofitting an existing county courthouse and law enforcement building HVAC system with VFDs would 

save energy. The test project was a requirement of the county to allow the larger project to move 

forward. The project was published in two periodicals as white papers (Yaskawa, 2004) (Phillips, 2004). 

The test project consisted of a comparison of the energy consumption of the seventh and eighth 

floors of an existing courthouse building after retrofitting the air-handling unit (AHU) of the seventh 

floor only with VFDs. After the retrofit, the two floors were metered and logged for a 13-day test period, 

from August 30, 2002 through September 11, 2002, and the consumption for each floor was then 

annualized and compared. Since both floors have similar floor plans and occupancy patterns, with 

cooling required around the clock for seven days a week serving courtrooms and law-enforcement 

facilities, this study provided a unique side-by-side energy consumption comparison. This offers a more 

reliable way of estimating energy savings than most alternatives. 

5.1.1 System Setup 

The baseline system was a VAV AHU with a 25-HP fan motor with IGVs for each of the comparison 

floors. The fan motor operated ŀǘ Ŏƻƴǎǘŀƴǘ ǎǇŜŜŘΦ ¢ƘŜ ǎŜǾŜƴǘƘ ŦƭƻƻǊΩǎ Ƴŀƛƴ ŜȄƛǎǘƛƴƎ AHU was retrofit 

with a VFD on the existing fan motor and the IGVs were locked open. The system was controlled to 

maintain a duct static pressure setpoint of 1 inch wg measured using a pressure transducer installed in 

the ductwork. The total annual run hours of the fan were estimated stated as 8760 based on the 

occupancy type. 

There is limited information in the reports and so it is difficult to identify all necessary inputs for the 

TRM comparisons and modeling. In particular, the motor efficiency is unknown, but assumed as EPact 

efficiency for comparison purposes. The report did not specify the fan type as axial or centrifugal, nor 
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did it mention the type of fan blade. For purposes of analysis it is assumed that the fan was centrifugal 

with BI/AF blades as a common fan type for this type of system.  

The location was not specified other than to say it was located in a major Southeastern 

governmental organization. For purposes of analysis it is assumed to be in Atlanta, GA. It is recognized 

that this assumption is significant for the analysis since climate zone can have a large impact on energy 

savings. Because deemed savings estimation methods are trying to get in the rough ballpark of verified 

savings estimates this limitation is acknowledged and accepted as a reasonable risk. 

Table 5 summarizes the baseline system setup for Case Study 1. 

Table 5. Case Study 1 Project Summary 

Motor 

Application 

Motor 

Quantity 

Motor 

HP 

Motor 

Efficiency 

Baseline Fan 

Type 

Fan Blade 

Type 

Baseline VAV 

Control Type 

Operating Hours 

(actual/assumed 

for analysis) 

AHU Supply 

Fan 

1 25 91.7% (EPact 

assumed) 

Centrifugal BI/AF blades 

(assumed) 

LD±Ωǎ 8760/7665 

(Police/fire stations 

24 hr) 

5.1.2 Verified Savings  

Verified savings from the project were estimated at 77,948 kWh per year based on the monitoring 

period metered results extrapolated to a year. 

5.1.3 TRM Savings Estimates 

Table 6 shows the results of the estimates using the TRM protocols. The minimum ratio of predicted 

to verified energy savings is 18% (OH 2010 TRM) and the maximum is 95% (NJ 2012 TRM), with an 

ŀǾŜǊŀƎŜ ƻŦ пт҈Φ !ƭƭ ƻŦ ǘƘŜ ¢waΩǎ ǳƴŘŜǊŜǎǘƛƳŀǘŜŘ ǘƘŜ ŜƴŜǊƎȅ ǎŀǾƛƴƎǎ ŦƻǊ ǘƘƛǎ ǇǊƻƧŜŎǘΦ ¢Ƙƛǎ ƛǎ ƴƻǘ ŜƴǘƛǊŜƭȅ 

surprising given that the case study was likely selected by the manufacturer to show maximum savings 

in order to convince the county government to insǘŀƭƭ ƳƻǊŜ ±C5Ωǎ ƛƴ ǘƘŜƛǊ ŦŀŎƛƭƛǘƛŜǎΦ  
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Table 6. Case Study 1 TRM Savings Estimates 

TRM Source 

Energy Savings 

(kWh) 

Peak Demand 

Savings 

Summer (kW) 

Predicted / 

Verified 

Energy 

Savings 

Ratio 

Predicted / 

Verified 

Demand 

Savings 

Ratio 

Verified Savings 77,948  NA  NA NA 

SU 2011 MSEM 58,050 1.100  74% NA 

CA DEER 2011 24,842  5.000 32% NA 

CT 2012 TRM 37,892  2.825  49% NA 

IL 2012 TRM 15,154  2.115  19% NA 

NJ 2012 TRM 74,048  9.111  95% NA 

Mid-Atlantic 2011 TRMa 47,391  0.991  61% NA 

OH 2010 TRM 13,798  1.983  18% NA 

PA 2013 TRM 26,540  1.467  34% NA 

ME 2010 TRMb 22,247  3.845  29% NA 

MA 2012 TRM 29,335  1.745  38% NA 

NY 2010 TRM 40,125  1.400  51% NA 

VT 2010 TRMc 25,025  4.325  32% NA 

Manufacturers' Calculators 48,604  6.341  62% NA 

5.1.4 EnergyPlus Modeling Results  

Case Study 1 was modeled using the Large Office prototype. The baseline model fans were set to a 

VAV system with IGVs and BI/AF blades using fan curve number 4 from Table 4. The retrofit model fans 

were set to a VAV system with VFDs using fan curve number 11. Both cases were run using TMY3 data 

for Atlanta, GA. 

The results from the modeling are shown below. Table 7 shows the total building electric energy 

savings predicted using the models.  
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Table 7. Case Study 1 EnergyPlus Model Total Electric Energy Savings Estimates. 

Variable Results 

Model Total Fan Motor break kW = 371  

Model Total Fan Motor BHP = 497  

Baseline Model Total Electric Consumption 

(kWh) = 
8,172,872  

Retrofit Model Total Electric Consumption 

(kWh) = 
7,135,158  

Total Electric Energy Savings (kWh) = 1,037,714  

Total Electric Energy Savings per BHP 

(kWh/BHP) = 
2,087  

Assumed Load Factor = 0.6 

Model Total Electric Energy Savings per 

Nominal HP (kWh/HP) = 
1,252  

Case Study Total Fan Retrofit Nominal HP = 25 

Case Study Model Estimated Total Electric 

Energy Savings (kWh/yr) = 
31,301  

Verified Electric Energy Savings (kWh/yr) = 77,948  

Model Predicted / Verified Energy Savings 

Ratio = 
0.40  

 

Table 8 shows the fan only electric energy savings. The non-fan electric energy savings is 14.7% of 

the total electric energy savings. This is a significant difference. With the exception of the CA DEER and 

b¸ ¢waΣ ƴƻƴŜ ƻŦ ǘƘŜ ¢waΩǎ ŀŎŎƻǳƴǘ ŦƻǊ ŀŘŘƛǘƛƻƴŀƭ ǎȅǎǘŜƳ ŜƴŜǊƎȅ ǎŀǾƛƴƎǎ ƻǊ ǇŜƴŀƭǘƛŜǎ ōŜȅƻƴŘ ǘƘŜ Ŧŀƴ 

motor itself. Given these results it is possible that this is a significant underestimation of potential 

savings. 
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Table 8. Case Study 1 EnergyPlus Model Fan Only Electric Energy Savings Estimates. 

Variable Results 

Model Total Fan Motor break kW = 371  

Model Total Fan Motor BHP = 497  

Baseline Model Fan Electric Consumption 

(kWh) = 
1,121,806  

Retrofit Model Fan Electric Consumption 

(kWh) = 
236,278  

Fan Electric Energy Savings (kWh) = 885,528  

Fan Electric Energy Savings per BHP 

(kWh/BHP) = 
1,781  

Assumed Load Factor = 0.6 

Model Fan Electric Energy Savings per 

Nominal HP (kWh/HP) = 
1,068.41  

Case Study Total Fan Retrofit Nominal HP = 25 

Case Study Model Estimated Fan Electric 

Energy Savings (kWh/yr) = 
26,710  

Verified Electric Energy Savings (kWh/yr) = 77,948  

Model Predicted / Verified Fan Only Energy 

Savings Ratio = 
0.34  

 

Table 9 shows the fuel heating impact. There is a slight increase in fuel consumption to make up for 

the reduced motor and fan heat load with the VFD installed. The models assume a natural gas boiler 

with hot water reheat. If the building used electric resistance reheat this would reduce the total electric 

energy savings. The electric penalty would be about 848 kWh/yr or roughly 3% of total savings. 

However, this would be offset by reduced pumping energy for the water loop and therefore may not be 

a significant enough concern to worry about. The details on the case study do not provide any 

information on the type of reheat used, but water coil reheat with a natural gas boiler is a common 

system type and is a reasonable assumption. 
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Table 9. Case Study 1 EnergyPlus Model Fuel Savings Estimates. 

Variable Results 

Model Total Fan Motor break kW = 371  

Model Total Fan Motor BHP = 497  

Baseline Model Fuel Consumption (MMBtu) 

= 
3,192  

Retrofit Model Fuel Consumption (MMBtu) 

= 
3,326  

Fuel Savings (MMBtu) = (133) 

Fuel Savings per BHP (MMBtu/BHP) = (0.27) 

Assumed Load Factor = 0.6  

Model Fuel Savings per Nominal HP 

(MMBtu/HP) = 
(0.16) 

Case Study Total Retrofit Nominal HP = 25  

Case Study Model Estimated Total Fuel 

Savings (MMBtu/yr) = 
(4.02) 

 

Although a predicted to verified energy savings ratio of 0.40 is not very good, this is not entirely 

unexpected for this case study. The details of the case study indicate this facility runs 24/7/365, but the 

Large Office prototype uses the more typical office occupancy pattern of weekdays during 8am to 5pm. 

Given the number of operating hours for the case study outside this range, a ratio of 0.40 is realistic. 

This is in fact similar to the average TRM predicted to verified energy savings ratio of 0.47. 

5.1.5 Summary  

Figure 11 shows a comparison of all the TRM and EnergyPlus model results versus the verified 

savings. With the exception of the NJ 2012 TRM, all of the methods predicted much lower savings than 

the verified results. Given that the NJ 2012 TRM appears to be an outlier in relation to the other TRMs it 

is not likely that it was giving more reliable results, but more that it is just different than the others.  

These results indicate there is a significant difference in the actual project details versus what the 

models assumed. As stated above, it is likely a result of the case study having operating hours of 

24/7/365 which is much higher than the standard hours for an office building. Overall, for this project 

none of the methods yielded results that could be considered reliable for this case study. 
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Figure 11. Case Study 1 Energy Savings Prediction Comparison 

5.2 Case Study 2 

Case study number 2 was from an independent evaluation of a Mid-Atlantic energy efficiency 

incentive program. The project was in a large downtown office building located in Philadelphia, PA, and 

included retrofit of existing HVAC supply and return fans with VFDs. A total of 16 new VFDs were 

installed, eight on supply fans and eight on return fans. 

The project was verified using spot power measurements at various VFD frequencies and runtime 

logging to determine operation characteristics and run hours. The data was weather normalized and 

extrapolated to a full year using bin analysis to estimate annual verified savings. WattNode/Hobo power 

meters were installed to meter the fan motors over a period of time, however, all data came back 

unusable and the spot measurements and trend logging was used to verify savings estimates. 

5.2.1 System Setup 

The baseline system was eight VAV AHUs with 125-HP supply fan motors and 40-HP return fan 

motors. Each fan was controlled with IGVs. The fan motors operated at constant speed. All AHUs were 
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retrofit with VFDs on both the existing supply and return fan motors, and the IGVs were locked open. 

The system was controlled to maintain a duct static pressure. The fans schedules were verified as set to 

off during unoccupied hours. The total annual run hours of the fans were verified as 4004 hours based 

on the logger data extrapolated to a year. 

There is limited information in the reports and so it is difficult to identify all necessary inputs for the 

TRM comparisons and modeling. In particular, the motor efficiency is unknown, but assumed as EPact 

efficiency for comparison purposes. The report did specify the fan type as centrifugal, but it did not 

mention the type of fan blade. For purposes of analysis it is assumed that the fan was centrifugal with 

BI/AF blades as a common fan type for this type of system. 

Table 10 summarizes the baseline system setup for Case Study 2. 

Table 10. Case Study 2 Project Summary 

Motor 

Application 

Motor 

Quantity 

Motor 

HP 

Motor 

Efficiency 

Baseline Fan 

Type 

Fan Blade 

Type 

Baseline VAV 

Control Type 

Operating Hours 

(actual/assumed 

for analysis) 

AHU Supply 

Fans 

8 125 94.5% (EPact 

assumed) 

Centrifugal BI/AF blades 

(assumed) 

LD±Ωǎ 4004/3748 (office) 

AHU Return 

Fans 

8 40 93.0% (EPact 

assumed) 

Centrifugal BI/AF blades 

(assumed) 

LD±Ωǎ 4004/3748 (office) 

5.2.2 Verified Savings  

Verified savings for the project were estimated at 940,051 kWh per year based on the monitoring 

period metered results extrapolated to a year. Verified peak demand savings were estimated at 95.324 

kW per PA Act 129 requirements which require estimating demand savings over the top 100 hours of 

maximum system demand. 

5.2.3 TRM Savings Estimates 

Table 11 shows the results of the estimates using the TRM protocols. The minimum ratio of 

predicted to verified energy savings is 36% (IL 2012 TRM) and the maximum is 326% (SU 2011 MSEM), 

with an average of 148%. Most TRMs overestimated savings, although the CT 2012 TRM prediction was 

quite close to the verified savings estimates at 101%. Given that the actual hours of use were fairly close 

to the assumed hours of use for analysis purposes, it is not somewhat surprising to see how much higher 

the TRM estimates are. 
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Table 11. Case Study 2 TRM Savings Estimates 

TRM Source 

Energy Savings 

(kWh) 

Peak Demand 

Savings 

Summer (kW) 

Predicted / 

Verified 

Energy 

Savings 

Ratio 

Predicted / 

Verified 

Demand 

Savings 

Ratio 

Verified Savings  940,051   95.324  NA NA 

SU 2011 MSEM  3,065,033   58.055  326% 61% 

CA DEER 2011  1,310,760   273.240  139% 287% 

CT 2012 TRM  953,028   145.331  101% 152% 

IL 2012 TRM  335,492   108.795  36% 114% 

NJ 2012 TRM  1,862,383   468.656  198% 492% 

Mid-Atlantic 2011 TRMa  1,191,925   50.966  127% 53% 

OH 2010 TRM  1,106,799   203.991  118% 214% 

PA 2013 TRM  667,517   75.477  71% 79% 

ME 2010 TRMb  NA   NA  NA NA 

MA 2012 TRM  1,529,162   102.822  163% 108% 

NY 2010 TRM  2,007,560   84.416  214% 89% 

VT 2010 TRMc  1,488,680   257.160  158% 270% 

Manufacturers' Calculators  1,254,848   334.805  133% 351% 

5.2.4 EnergyPlus Modeling Results  

Case Study 2 was modeled using the Large Office prototype. The baseline model fans were set to a 

VAV system with IGVs and BI/AF blades using fan curve number 4 from Table 4. The retrofit model fans 

were set to a VAV system with VFDs using fan curve number 11. Both cases were run using TMY3 data 

for Philadelphia, PA. 

The results from the modeling are shown below. Table 12 shows the total building electric energy 

savings predicted using the models. With a predicted to verified energy savings ratio of 1.88, the energy 

models significantly over predicted savings relatively to the verified savings. 

Table 12. Case Study 2 EnergyPlus Model Total Electric Energy Savings Estimates. 

Variable Results 
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Model Total Fan Motor break kW = 365  

Model Total Fan Motor BHP = 489  

Baseline Model Total Electric Consumption 

(kWh) = 
8,012,447 

Retrofit Model Total Electric Consumption 

(kWh) = 
6,918,922  

Total Electric Energy Savings (kWh) = 1,093,525  

Total Electric Energy Savings per BHP 

(kWh/BHP) = 
2,237  

Assumed Load Factor = 0.6 

Model Total Electric Energy Savings per 

Nominal HP (kWh/HP) = 
1,342  

Case Study Total Fan Retrofit Nominal HP = 1320 

Case Study Model Estimated Total Electric 

Energy Savings (kWh/yr) = 
1,771,585  

Verified Electric Energy Savings (kWh/yr) = 940,051  

Model Predicted / Verified Energy Savings 

Ratio = 
1.88  

Table 13 shows the fan only electric energy savings. The non-fan electric energy savings is 15.7% of 

the total model predicted electric energy savings. Again, this is a significant difference and may indicate 

that savings for the non-fan benefits should be considered when estimating VFD savings. 

Table 13. Case Study 2 EnergyPlus Model Fan Only Electric Energy Savings Estimates. 

Variable Results 

Model Total Fan Motor break kW = 365  

Model Total Fan Motor BHP = 489  

Baseline Model Fan Electric Consumption 

(kWh) = 
1,157,875  

Retrofit Model Fan Electric Consumption 

(kWh) = 
236,342  

Fan Electric Energy Savings (kWh) = 921,533  

Fan Electric Energy Savings per BHP 1,885  
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(kWh/BHP) = 

Assumed Load Factor = 0.6 

Model Fan Electric Energy Savings per 

Nominal HP (kWh/HP) = 
1,131  

Case Study Total Fan Retrofit Nominal HP = 1320 

Case Study Model Estimated Fan Electric 

Energy Savings (kWh/yr) = 
1,492,947  

Verified Electric Energy Savings (kWh/yr) = 940,051  

Model Predicted / Verified Fan Only Energy 

Savings Ratio = 
1.59  

Table 14 shows the fuel heating impact. There is a noticeable increase in fuel consumption to make 

up for the reduced motor and fan heat load with the VFD installed. The models assume a natural gas 

boiler with hot water reheat. If the building used electric resistance reheat this would reduce the total 

electric energy savings. The electric penalty would be about 169,600 kWh/yr or roughly 9.6% of total 

savings. This would be offset by reduced pumping energy for the water loop. It is likely the offset would 

be less than the 9.6% and therefore this may be a significant impact which should be considered. The 

details on the case study do not provide any information on the type of reheat used, but water coil 

reheat with a natural gas boiler is a common system type and is a reasonable assumption. 

Table 14. Case Study 2 EnergyPlus Model Fuel Savings Estimates. 

Variable Results 

Model Total Fan Motor break kW = 365  

Model Total Fan Motor BHP = 489  

Baseline Model Fuel Consumption (MMBtu) 

= 
6,555  

Retrofit Model Fuel Consumption (MMBtu) 

= 
7,051  

Fuel Savings (MMBtu) = (497) 

Fuel Savings per BHP (MMBtu/BHP) = (1.02) 

Assumed Load Factor = 0.6  

Model Fuel Savings per Nominal HP 

(MMBtu/HP) = 
(0.61) 
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Case Study Total Retrofit Nominal HP = 1,320  

Case Study Model Estimated Total Fuel 

Savings (MMBtu/yr) = 
(804.72) 

 

The model predictions for Case Study 2 are almost the exact opposite of the Case Study 1 outcome. 

The EnergyPlus prototype outcomes result in a predicted to verified energy savings ratio of 1.88, which 

is again not very good, but because it is too high. For this case study, both the prototype and the case 

study building are large office buildings. The prototype was run using Philadelphia, PA TMY3 weather 

data so this is not an issue of applying results from one climate zone to another. Both the case study and 

the prototype should have similar occupancy schedules as there is nothing in the project data to suggest 

a 24/7/365 occupancy as in Case Study 1. The results point to significant differences between the 

prototype model and the case study building, but without more details on the building itself, it is 

impossible to narrow it down to the driving source of the discrepancy. 

While not quite as drastic, the average TRM predicted to verified energy savings ratio was similarly 

high at 1.48. There appears to be something inherent in this project which leads the non-customized 

prediction methodologies to overestimate savings. It could be that the TRM estimates are closer 

because for the most part they only consider the fan savings whereas the modeling estimates total 

building savings. 

5.2.5 Summary  

Figure 12 shows a comparison of all the TRM and EnergyPlus model results versus the verified 

savings. Most of the predictions overestimate savings as compared to the verified estimates. For this 

case study the SU 2011 MSEM significantly overestimates savings at a ratio of 326%. One of the primary 

limitations of that TRM protocol is no ability to adjust savings based on project type. This clearly affects 

the savings predictions for this case study as the SU 2011 MSEM is really an outlier.  

On average the TRM results (average TRM predicted to verified ratio of 148%) are less than the 

modeled results for both the total savings (ratio of 188%) and the fan only savings (ratio of 159%). There 

was a wide range of estimates from the TRM protocols though so it is hard to say for this project none of 

the methods yielded results that could be considered reliable for this case study. The fan only savings 

was in a similar range as the TRM average though. 
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Figure 12. Case Study 2 Energy Savings Prediction Comparison 

5.3 Case Study 3 

Case study number 3 was also from an independent evaluation of a Mid-Atlantic energy efficiency 

incentive program. The project was a major retrofit project in a large downtown office building located 

in Philadelphia, PA, and included retrofit of existing HVAC AHU supply fans, fresh air intake fans, cooling 

tower fans, hot water loop pumps, and cold water loop pumps with VFDs. 

The project included VFD retrofits to the following motors: 

¶ AHU VAV supply fan motors  

o 36-7.5 HP hi/low 

¶ HVAC fresh air intake fans 

o 1-40 HP VAV fan with LD±Ωǎ 

o 1-30 HP VAV fan with LD±Ωǎ 

¶ Cooling tower fans 

o 3-60 HP hi/low 
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¶ hot water loop pumps 

o 2-20 HP outlet valves riding pump curve 

o 1-40 HP summer only, 3-way valve, constant 50% flow 

o 3-75 HP winter only, one pump at a time, outlet valves riding pump curve 

o 2-15 HP operate over 50F, outlet valves riding pump curve 

¶ domestic cold water loop pumps 

o 1-15 HP with outlet damper riding pump curve 

o 1-20 HP with outlet damper riding pump curve 

Only the AHU supply fans and fresh air intake fans were verified using trend data and logging to 

determine bins and EFLH to extrapolate to weather normalized annual savings. The baseline and retrofit 

Ŧŀƴ ƪ² ǿŀǎ ŜǎǘƛƳŀǘŜŘ ōŀǎŜŘ ƻƴ ǘƘŜ ǇŀǊǘ ƭƻŀŘ ŜŦŦƛŎƛŜƴŎȅ ŎǳǊǾŜǎ ƻŦ ŀ ǎȅǎǘŜƳ ǿƛǘƘ LD±Ωǎ ŀƴŘ ŀ ±C5Φ ¢ƘŜ 

VFD displayed kW, however, the EMS did not allow logging of power. Spot power measurements and 

speed were compared to estimates from the fan part load curves and were found to match well with the 

panel. A majority of the TRMs do not apply to two-speed motor baselines, however, therefore, only the 

fresh air intake fan motors are included for comparison. 

5.3.1 System Setup 

The baseline system under consideration was 1-40 HP VAV fresh air intake fan and 1-30 HP VAV 

fresh air intake fan. Each fan was controlled with IGVs. The fan motors operated at constant speed. Both 

fan motors were retrofit with VFDs, and the IGVs were locked open or removed. The system was 

controlled to maintain a scheduled duct static pressure operating at constant speed most of the time. 

The total annual run hours of the fans were verified as 5270 hours for the 40 HP fan and 4720 hours for 

the 30 HP fan based on the trend data extrapolated to a year. The motor efficiency was verified as 

NEMA premium. 

There is limited information in the reports and so it is difficult to identify all necessary inputs for the 

TRM comparisons and modeling. The report did not specify the fan type. For purposes of analysis it is 

assumed that the fan was centrifugal with BI/AF blades as a common fan type for this type of system. 

Table 15 summarizes the baseline system setup for Case Study 3. 

Table 15. Case Study 3 Project Summary 

Motor 

Application 

Motor 

Quantity 

Motor 

HP 

Motor 

Efficiency 

Baseline Fan 

Type 

Fan Blade 

Type 

Baseline VAV 

Control Type 

Operating Hours 

(actual/assumed 
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for analysis) 

Fresh Air 

Intake Fan 

1 40 94.1% Centrifugal BI/AF blades 

(assumed) 

LD±Ωǎ 5270/3748 (office) 

Fresh Air 

Intake Fan 

1 30 94.1% Centrifugal BI/AF blades 

(assumed) 

LD±Ωǎ 4720/3748 (office) 

5.3.2 Verified Savings  

Verified savings for the fresh air intake fans portion of this project were estimated at 108,940 kWh 

per year based on the monitoring period metered results extrapolated to a year. Verified peak demand 

savings were estimated at 25.363 kW per PA Act 129 requirements which require estimating demand 

savings over the top 100 hours of maximum system demand. 

5.3.3 TRM Savings Estimates 

Case study 3 was another project in a large office building in downtown Philadelphia, PA, however, 

the project consisted of multiple HVAC measures. The TRM were used to estimate savings for the fresh 

air intake fan retrofits only. Table 16 shows the minimum ratio of predicted to verified energy savings is 

16% (IL 2012 TRM) and the maximum is 149% (SU 2011 MSEM), with an average of 67%. Similar to all 

other case studies, there is a wide deviation of estimates. In this instance the NY 2010 TRM prediction 

was quite close to the verified savings estimates at 103%. 
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Table 16. Case Study 3 TRM Savings Estimates 

TRM Source 

Energy Savings 

(kWh) 

Peak Demand 

Savings 

Summer (kW) 

Predicted / 

Verified 

Energy 

Savings 

Ratio 

Predicted / 

Verified 

Demand 

Savings 

Ratio 

Verified Savings  108,940   25.363  NA NA 

SU 2011 MSEM  162,540   3.079  149% 12% 

CA DEER 2011  69,510   14  64% 57% 

CT 2012 TRM  50,557   7.710  46% 30% 

IL 2012 TRM  17,797   5.771  16% 23% 

NJ 2012 TRM  98,796   24.861  91% 98% 

Mid-Atlantic 2011 TRMa  63,230   2.704  58% 11% 

OH 2010 TRM  58,714   10.821  54% 43% 

PA 2013 TRM  35,411   4.004  33% 16% 

ME 2010 TRMb  NA   NA  NA NA 

MA 2012 TRM  80,043   4.761  73% 19% 

NY 2010 TRM  112,350   3.920  103% 15% 

VT 2010 TRMc  70,070   12.110  64% 48% 

Manufacturers' Calculators  66,545   17.755  61% 70% 

5.3.4 EnergyPlus Modeling Results  

Case Study 3 was modeled using the Large Office prototype. The baseline model fans were set to a 

VAV system with IGVs and BI/AF blades using fan curve number 4 from Table 4. The retrofit model fans 

were set to a VAV system with VFDs using fan curve number 11. Both cases were run using TMY3 data 

for Philadelphia, PA. 

The results from the modeling are shown below. Table 17 shows the total building electric energy 

savings predicted using the models. With a predicted to verified energy savings ratio of 0.86, the energy 

models were in an acceptable range for energy efficiency program implementation and evaluation. It 

would be unrealistic to expect a generic method to consistently have more reliable savings than this. 
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Table 17. Case Study 3 EnergyPlus Model Total Electric Energy Savings Estimates. 

Variable Results 

Model Total Fan Motor break kW = 365  

Model Total Fan Motor BHP = 489  

Baseline Model Total Electric Consumption 

(kWh) = 
8,012,447  

Retrofit Model Total Electric Consumption 

(kWh) = 
6,918,922  

Total Electric Energy Savings (kWh) = 1,093,525  

Total Electric Energy Savings per BHP 

(kWh/BHP) = 
2,237  

Assumed Load Factor = 0.6 

Model Total Electric Energy Savings per 

Nominal HP (kWh/HP) = 
1,342  

Case Study Total Fan Retrofit Nominal HP = 70 

Case Study Model Estimated Total Electric 

Energy Savings (kWh/yr) = 
93,948  

Verified Electric Energy Savings (kWh/yr) = 108,940  

Model Predicted / Verified Energy Savings 

Ratio = 
0.86  

Table 18 shows the fan only electric energy savings. The non-fan electric energy savings is again 

15.7% of the total model predicted electric energy savings. This is a significant difference and may 

indicate that savings for the non-fan benefits should be considered when estimating VFD savings. 
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Table 18. Case Study 3 EnergyPlus Model Fan Only Electric Energy Savings Estimates. 

Variable Results 

Model Total Fan Motor break kW = 365  

Model Total Fan Motor BHP = 489  

Baseline Model Fan Electric Consumption 

(kWh) = 
1,157,875  

Retrofit Model Fan Electric Consumption 

(kWh) = 
236,342  

Fan Electric Energy Savings (kWh) = 921,533  

Fan Electric Energy Savings per BHP 

(kWh/BHP) = 
1,885  

Assumed Load Factor = 0.6 

Model Fan Electric Energy Savings per 

Nominal HP (kWh/HP) = 
1,131  

Case Study Total Fan Retrofit Nominal HP = 70 

Case Study Model Estimated Fan Electric 

Energy Savings (kWh/yr) = 
79,171  

Verified Electric Energy Savings (kWh/yr) = 108,940  

Model Predicted / Verified Fan Only Energy 

Savings Ratio = 
0.73  

Table 19 shows the fuel heating impact. There is a noticeable increase in fuel consumption to make 

up for the reduced motor and fan heat load with the VFD installed. The models assume a natural gas 

boiler with hot water reheat. If the building used electric resistance reheat this would reduce the total 

electric energy savings. The electric penalty would be about 8,990 kWh/yr or roughly 9.6% of total 

savings. This would be offset by reduced pumping energy for the water loop. It is likely the offset would 

be less than the 9.6% and therefore this may be a significant impact which should be considered. The 

details on the case study do not provide any information on the type of reheat used, but water coil 

reheat with a natural gas boiler is a common system type and is a reasonable assumption. 
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Table 19. Case Study 3 EnergyPlus Model Fuel Savings Estimates. 

Variable Results 

Model Total Fan Motor break kW = 365  

Model Total Fan Motor BHP = 489  

Baseline Model Fuel Consumption (MMBtu) 

= 
6,555  

Retrofit Model Fuel Consumption (MMBtu) 

= 
7,051  

Fuel Savings (MMBtu) = (497) 

Fuel Savings per BHP (MMBtu/BHP) = (1.02) 

Assumed Load Factor = 0.6  

Model Fuel Savings per Nominal HP 

(MMBtu/HP) = 
(0.61) 

Case Study Total Retrofit Nominal HP = 70  

Case Study Model Estimated Total Fuel 

Savings (MMBtu/yr) = 
(42.67) 

 

The model predictions for Case Study 3 are much more reasonable than those for Case Studies 1 and 

2. A total model predicted to verified energy savings ratio of 0.86 is acceptable among energy efficiency 

program evaluations. However, a more realistic comparison to the TRM protocols would be to look at 

the fan only energy savings with a ratio of 0.73, which is slightly below the acceptability range for 

efficiency program evaluations. There is no set range for acceptability, but typically a ratio of 0.85 to 

1.15 is considered reasonable. Without more project level details it is difficult to know why Case Study 3 

results were so much better than Case Studies 1 and 2. These modeling results are both better than the 

average TRM predicted energy savings predicted to verified energy savings ratio of 67%. 

5.3.5 Summary  

Figure 13 shows a comparison of all the TRM and EnergyPlus model results versus the verified 

savings. As with the energy models, most of the TRM savings estimates underestimate savings as 

compared to the verified estimates, with the exception of the SU 2011 MSEM which is again an outlier, 

and the NY 2010 TRM.  
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On average the TRM results (average TRM predicted to verified ratio of 67%) are less than the 

modeled results for both the total savings (ratio of 86%) and the fan only savings (ratio of 73%). There 

was a wide range of estimates from the TRM protocols though so it is hard to say for this project none of 

the methods yielded results that could be considered reliable for this case study. Again, the energy 

model fan only savings estimate was closer to the TRM average than the energy model total savings 

estimate. 

 

Figure 13. Case Study 3 Energy Savings Prediction Comparison 

5.4 Case Study 4 

Case study number 4 was also from an independent evaluation of a Mid-Atlantic energy efficiency 

incentive program. The project was a major retrofit project in a large downtown office building located 

in Philadelphia, PA, and included retrofit of existing HVAC AHU supply and return fans, cooling tower 

fan, and condenser water pumps with VFDs. The verification determined that only the supply and return 

fan retrofits saw energy savings and thus are the only retrofits considered here. 

The project included VFD retrofits to the following motors: 


































































































































































